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Compressive  creep  of  sintered  nickel  was  performed  under  the 
follov/ing  range  of  conditions. 

Temperature     700° C  -  900° C 

Load  25  P.S.I.  -  4000  P.S.I. 

Density         60',;  -  100% 

Particle  size    -20}i,  -  115u. 
The  data  show  that  the  creep  rate  was  determined  by  the  load  on  an 
effective  cross  section  of  material  which  was  determined  to  be  the 
fracture  cross  section  in  tension.   This  cross  section  called  the  area 
fraction  of  fracture  surface  is  designated  A^^.   The  effect  of  sinter- 
ing on  the  creep  process  was  determined  to  be  primarily  one  of  return- 
ing the  pore  shape  to  isotropy  after  the  pore  was  deformed  in  creep. 


CHAPTER  1 


INTRODUCTION 


The  powder  metallurgy  field  has  been  an  art  throughout  much 
of  history.   With  the  application  of  materials  science  and  quantita- 
tive microscopy,  the  geometric  processes  through  which  a  loose  powder 
aggregate  goes  during  the  sintering  process  are  well  established. 
Tlie  fabrication  of  parts  by  the  use  of  powder  metallurgy  techniques 
and  the  application  of  these  parts  in  the  severe  environments  of  high 
temperature,  high  load,  and  sometimes  high  neutron  flux  demand   an 
understanding  of  how  a  porous  material  acts  under  severe  conditions. 

An  aggregate  of  powder  possesses  more  energy  than  a  solid  piece 
of  the  same  material  of  the  same  mass  because  it  contains  more  surface 
area.   This  energy,  called  surface  energy,  comes  from  the  fact  that 
there  is  an  imbalance  of  energy  associated  with  atoms  situated  next  to 
a  free  surface. 

When  particles  which  are  in  contact  with  each  other  are  heated 
to  a  high  temperatiore,  but  below  their  melting  point,  they  weld  together 
and  density  into  a  solid  mass  which  may  approach  the  theoretical  bulk 
density  of  the  material.   ITiis  densif ication  process  is  called  sinter- 
ing and  is  driven  by  the  surface  energy  possessed  by  the  powder  aggre- 
gate [1,2,3,4,5,6]. 


Another  phenomenon  seen  primarily  at  high  temperature  is  creep, 
which  is  the  time  dependent  strain  of  a  material  under  a  stress. 
The  driving  force  for  creep  is  the  stress  applied  to  the  part.   This 
time  dependent  strain  of  a  part  in  service  becomes  critical  where  close 
tolerances  are  required  for  long  times  under  severe  operating  condi- 
tions.  An  example  of  severe  conditions  encountered  by  porous  materials 
is  that  of  sintered  fuel  elements  for  reactors.   The  sinter  body  must 
be  reasonably  dimensionally  stable  at  high  temperatures,  high  stress, 
and  high  neutron  flux.   Applications  such  as  fuel  elements  wed  the 
problems  of  the  sintering  and  creep  processes  so  that  a  knowledge  of 
how  a  porous  body  reacts  under  load  at  high  temperature  and  the  phys- 
ical changes  that  take  place  in  the  structure  becomes  necessary. 

1.1   General  Chpracteristics  of 

the  £interir;s  Process 


Loose  stack  sintering  is  the  term  applied  ro  the  phenomena  by 
which  an  aggregate  of  finely  divided  particles  welds  together  and  densi- 
fies  at  high  temperature.   This  densif ication  requires  neither  melting 
nor  the  application  of  an  external  load.   A  reduction  in  surface  area 
is  effected  with  densif ication  with  the  attendant  reduction  of  surface 
energy  and  thus  the  total  energy  of  the  system.   Due  to  the  complexity 
of  the  geometric  changes  taking  place  during  sintering,  the  topological 
approach  to  the  evolution  of  the  microstructure  of  a  sinter  body  devel- 
oped by  Rhines  C?]  will  be  used  as  a  basis  for  description  of  the 
changes  that  take  place  as  a  mass  of  loose  powder  proceeds  from  sepa- 
rate parts  to  a  single  dense  body. 


The  sintering  process  is  coriTeiiieiitly  thought  of  as  possessxng 
tiree  stages  [1,8].   The  first  stage  is  chaxacterized  by  the  weldizig 
and  growth  of  particle  contacts  and  the  smoothing  of  particle  surfaces. 
The  topological  state,  i.e.,  genus,  fixed  by  the  original  stacking, 
remains  constant  during  this  process.   The  particle  network  is  striv- 
ing for  a  minimum  surface  energy  for  its  given  topological  state. 
As  the  surface  total  force/unit  area  is  greatest  at  areas  of  highest 
curvature,  the  largest  geometric  changes  take  place  at  weld  necks, 
particle  comers,  and  fine  tips  in  dendritic  powder,  where  this  force  is 
the  largest.   The  surface  energy  expended  in  rounding  the  internal  sur- 
face is  wasted  as  far  as  densif ication  is  concerned  as  no  process  which 
acts  solely  on  the  surface  can  contribute  significantly  to  the  densifica- 
tion  of  the  particle  compact.   The  weld  necks  grow  and  surface  rounding 
continues  until  a  minimal  surface  for  the  given  topological  state  has 
been  effectively  achieved.   Further  reduction  in  surface  area  can  come 
about  only  by  reducing  the  genus,  i.e. ,  connectivity  of  the  pore  network; 
i.e.,  second  stage  sintering.   Second  stage  sintering  is  the  stage  in 
which  the  pore  network  goes  from  a  completely  interconnected  state  to 
a  completely  isolated  state.   As  the  connections  between  pores,  or 
channels,  are  pinched  off,  a  new  minimal  surface  area  state  prevails 
corresponding  to  the  new  topological  state.   This  direct  dependence  of 
minimal  surface  area  on  state  can  be  seen  in  the  fact  that  during  second 
stage  sintering,  the  surface  area  per  unit  volume,  S^,  decreases  lin- 
early with  increase  in  density.   Channel  closure  persists  until  all 
porosity  is  isolated.   Particle  identity  is  generally  lost  during 


second  stage.   Third  stnge  sintering  is  concerned  with  what  happens  to 
the  isolated  pores.   As  time  proceeds,  conglobation  of  the  remaining 
porosity  occurs.   The  large  pores  gro-.v  at  the  expense  of  smaller  pores, 
thus  the  average  pore  size  becomes  larger  [9].   Some  reduction  in  total 
porosity  also  is  characteristic  of  third  stage.   Total  removal  of  all 
porosity  from  the  interior  of  a  sinter  body  rarely,  if  ever,  occurs 
solely  under  the  action  of  the  sintering  force  (surface  tension)  in 
the  finite  time  of  sintering  operations.   Densif ication  occurs  in  all 
three  stages  of  sintering  and  the  three  stages  overlap  in  the  times  in 
which  they  occur. 

1.2   Background  and  Previous  Investigations 
of  Sintering 

Sintering  lias  been  used  in  the  manufacture  of  products  from 
particles  of  all  classes  of  solids:   metals,  ceramics,  glasses,  and 
organics  [1].   Commercial  sintering  is  seldom  loose  stack  sintering, 
but  commonly  uses  pressure  on  the  powder  aggregate  to  promote  densifi- 
cation  or  a  liquid  phase  for  the  same  purpose.   Most  processes  that 
involve  sintering  constitute  one  or  more  of  the  following: 

1.  Loose  stack  sintering.   The  loose  powder  stack  is  heated  to 
a  temperature  near  its  melting  point  and  densif ication 
occurs  with  time. 

2.  Pressed  and  sintered.   Much  or  most  of  the  densif ication  of 
the  powder  aggregate  is  achieved  by  the  application  of  high 
pressure  preceding  the  sintering  operation.   Densif ication 
from  tlie  pressure  occurs  liy  plastic  deformation  and/or 
rearrangement  of  the  particles. 


3.  Hot  pressing.   The  application  of  pressiu'e  during  the  sintering 
process  [-1]  . 

4.  Liquid  phase  sintering.   Sintering  with  the  aid  of  a  liquid 
phase  [2,10]. 

The  geometry  of  a  loose  stack  of  particles  such  as  is  found  in 
normal,  practical  sintering  appears  complex.   Some  of  the  approaches 
that  have  been  put  forward  to  help  in  the  understanding  of  sintering 
are  the  use  of  equi-sized  particles,  only  two  particles  [11],  a  string 
of  particles  [12],  a  particle  on  a  plane  surface  [13],  three  wires 
twisted  together  [4],  spools  of  wire  [4],  constant  temperature,  and 
controlled  atmosphere.   The  study  of  sintering  in  these  relatively 
simple  cases  has  given  insight  into  the  growth  of  weld  necks  and  some 
understanding  of  the  densif ication  phenomenon,  decrease  in  the  relative 
volume  of  porosity,  but  have  been  generally  unsuccessful  in  explaining 
the  total  sintering  of  even  a  simple  shape  which  contained  a  large 
number  of  particles.   Mathematical  models  can  be  formulated  for 
simple  cases  and  with  the  use  of  known  physical  parameters,  mechan- 
isms have  been  inferred.   A  basic  fault  with  all  the  foregoing  geo- 
m.etrically  reduced  experimental  models  is  that  the  information  is 
1- or  2-dimensional  and  practical  sintering  is  complex  3-dimensional . 
Some  investigations  of  the  three  stages  of  sintering  will  now  be 
presented. 

The  first  stage  of  sintering  includes  weld  neck  growth  and 
surface  rounding.   Surface  rounding  can  be  accoKipl ished  by  evaporation 
of  material  from  convex  surface  and  condensation  on  concave,  or  less 
convex,  surface  12,10].   Surface  and  volume  diffusion  [7,14]  can  cause 


surface  rounding  by  the  net  transfer  of  material  from  convex  surface  to 
concave  surface.   It  should  be  noted  that  neither  evaporation- 
condensation  nor  surface  diffusion  can  cause   significant  densif ication 
in  a  powder  aggregate  [1,4,7].   It  is  thought  that  the  growth  of  weld 
necks  can  be  caused  by  several  mechanisms.   They  are:   evaporation- 
condensation  [15],  surface  diffusion  [4,11,12,16,17],  volume  diffusion 
[4,7,10,11,15,18,19,20],  viscous  flow  [2,4],  and  plastic  flow  [7,20,21, 
22,23,24].   It  is  also  believed  that  densif ication  requires  both  creep 
and  concurrent  surface  area  minimization  [25].   Calculations  using  the 
surface  tension  value  obtained  for  copper  (1400  dynes/cm)  have  shown 
that  plastic  flow  is  possible  at  least  in  the  early  stages  of  neck 
growth  where  contact  area  is  very  small  [4] .   Observations  of  weld 
necks  formed  in  loose  stack  sintering  experiiaenls  show  that  there  is 
at  least  one  of  the  mechanisms  capable  of  surface  rounding  in  operation 
during  neck  growth.   The  rounded  neck  surface  could  not  have  been 
created  by  plastic  flow  alone.   In  metal  systems  having  low  vapor 
pressure  [11],  the  rate  of  weld  neck  growth,  as  indicated  by  experi- 
ments with  particles  on  plane  surfaces  and  pairs  of  particles,  is 
believed  to  be  either  surface  diffusion  or  volume  diffusion  controlled 
or  both.   Kuczynski  [11]  found  for  copper  that  surface  diffusion  was  the 
dominant  mechanism  for  small  particles  and  low  temperatures,  while  for 
large  particles  and  high  temperatures,  volume  diffusion  was  dominant. 

Second  stage  sintering  is  characterized  by  densif ication  of  the 
body  and  the  isolation  of  the  pores  that  remain  [1,7,8,9], 


The  connectivity  of  the  porosity  goes  to  zero  [7].   There  are  three 
material  transport  mechanisms  that  various  authors  believe  capable  of 
causing  densif ication.   They  are:   creep  [7,8,20,22,26],  volume  dif- 
fusion [4,14,26,27,28,29],  and  grain  boundary  diffusion  [14,22,23, 
29,30,31,32].   Sintering  done  under  small  loads  [20,24]  indicates  that 
there  is  no  change  in  mechanism  as  the  sinter  body  densif ies.   This 
information  supports  the  plastic  flow  theory.   Support  for  the  grain 
boundary  diffusion  theory  may  be  found  in  the  lowered  sintering  rate 
[27]  after  grain  growth.   Wire  model  experiments  also  show  decreased 
pore  size  in  the  vicinity  of  grain  boundaries.   Volume  diffusion  of 
vacancies  to  the  external  surface  from  the  internal  pores  has  been 
generally  discounted  due  to  large  distances  involved  [7]. 

Third  stage  sintering  is  usually  defined  as  the  elimination 
and/or  coarsening  [9]  of  the  remaining  isolated  porosity.   Plastic 
flow  is  believed  responsible  for  elimination  of  pores  by  some  and  a 
theoretical  model  [22]  for  the  shrinkage  of  these  isolated  pores  by 
plastic  flow  has  been  derived.   Coarsening  of  large  pores  at  the  ex- 
pense of  disappearance  of  smaller  surrounding  pores  can  be  accomplished 
only  by  volume  diffusion  [9].   It  has  been  shown  by  several  authors 
[2,14,30]  that  the  presence  of  grain  boundaries  can  cause  a  signif- 
icant increase  in  total  densif ication;  however,  grain  boundaries  are 
not  required  for  densif ication  [4,9].   Volume  diffusion  is  postulated 
by  some  [14,27,28]  as  the  mechanism  of  pore  shrinkage;  whereas,  others 
[7]  believe  volume  diffusion  of  vacancies  from  an  internal  pore  to  the 
external  surface  cannot  effect  any  significant  densif ication  of  the 
total  body.   Densif ication  rates  based  on  volume  diffusion  data 


indicate  that  the  times  required  for  densif ication  are  unreasonable 
and  that  geometry  would  require  that  the  sinter  body  density  from  the 
external  surface  inward,  contrary  to  experimental  observation  [9,33]. 

It  can  be  seen  from  the  preceding  paragraphs  that  considerable 
discussion  of  the  exact  nature  of  sintering  still  remains  along  with 
considerable,  seemingly  conflicting,  experimental  evidence.   There  is 
at  present  no  formula  in  the  literature  into  which  one  may  insert  the 
physical  properties  of  a  metal  or  a  ceramic  powder  and  predict  the 
densif ication  of  a  compact  from  a  loose  stack  to  a  fully  dense  mass. 

1. 3   General  Characteristics 
of  the  Creep  Process 

Creep  is  defined  as  the  time  dependent  strain  undergone  by 
a  material  when  subjected  to  a  stress  at  constant  temperature  [34,35, 
36,37,38,39].   At  elevated  temperatures  where  recovery  processes  are 
relatively  active,  small  stresses  which  are  a  fraction  of  the  tensile 
strength  are  capable  of  causing  plastic  deformation  in  metals.   Some 
materials  will  show  this  phenomenon  when  subjected  to  room  temperature 
tensile  tests  at  different  strain  rates.   This  may  be  seen  in  the 
stress-strain  curves  of  pure  metals  such  as  aluminum  and  zinc  where 
the  stress-strain  curve  of  the  tensile  bar  pulled  at  the  slower  strain 
rate  shows  a  greater  strain  for  a  given  stress. 

Constant  load  tensile  creep  is  generally  thought  of  as 
possessing  three  stages  [34,40].   The  first  stage  is  a  period  of 
decreasing  creep  rate  where  work  hardening  mechanisms  are  dominant 
[41].   In  the  creep  of  polycrystalline  samples,  the  grains  with  orien- 
tations favorable  to  shear  are  the  first  to  deform.   This  inhomogeneous 


deformation  produces  elastic  as  well  as  plastic  strains  and  tlicse 
elastic  strains  arc  recciverablo  wifh  tinie  if  tlie  specimen  is  unloaded. 
This  re'coverable  ci'oop  is  called  an.elastic  creei).   The  second  stage 
is  considered  a  stage  of  constant  creep  rate  v/here  tlio  rate  of  v/ork 
}iardening  being  produced  by  the  deformation  is  exactly  coimteracted 
by  recovery  pi'ocesses  [42,43]  and/'or  reduction  in  cross-sectional 
area  of  the  sample  [39].   The  third  stage  is  generally  characterized 
by  an  accelerating  c^reep  rate,  intci'granular  cavity  foi'mation  (at 
higli  temperature)  [44  ,45  , 'le]  ,  necking  (at  low  l  emperature)  [44]  ,  and 
ultimate  failure.   Constant  stress  and  constant  load  com.pi'essive 
creep  in  ductile  metals  generally  exhibits  only  the  first  stage  of 
creep,  and  thus  generally  shows  a  monotonically  decreasing  creep  rate 
tlirougliout  a  test  [47]. 

1.4   Background  and  Previous  Investigations 
of  the  Creep  Process 

Creep  is  seen  to  be  a  sensitive  function  of  temperature  and  lor 
a  given  structural  state  has  been  shown  to  have  an  Arrlienius  temper- 
ature dependence.   Creep  is  therefore  generally  considered  to  be  a 
thermally  activated  process  [34,36,37,38].   Activation  energies  calcu- 
lated from  strain  rate  versus  tem.perature  data  are  usually  close  to  the 
activation  energies  of  self-diffusion  when  the  creep  temperature  is 

between  0  5  and  1  0  T   [34,36,38,48].   There  is  much  discussion  concern- 
m 

ing  the  exact  mechanism  that  allows  creep  to  proceed.   Some  of  the 
iransport  processes  proposed  as  controlling  tl:e  kinetics  of  tlie  high 
temperature  creep  process  are:  diffusior.al  creep  (Xabarro-Ilerring  creep 
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[36,40,49,50,51])  and  others  [52,53],  dislocation  intersection  and  jog 
formation  [34,54,55,56],  and  climb  of  dislocations  [36,56,57]. 

1.5  Dislocation  Modelling 

There  are  many  formulas  that  have  been  used  to  model  the  first 
and  second  stages  of  creep  [58,59].   Some  of  the  equations  have  elements 
which  match  known  physical  parameters,  whereas  others  are  strictly 
empirical. 

A  few  of  the  well-known  creep  laws  or  formulas  will  now  be 
presented  with  explanations  based  on  physical  parameters  where  possible. 

Logarithmic  creep  [34,40],  e  =  a  Log  (t)  +  c.   Log  creep  has 

been  found  in  organics,  glasses,  metals,  and  ceramics  and  is  generally 

found  in  experiments  of  moderate  to  low  creep  rates,  small  strains,  and 

temperatures  below  0.4  T  .   This  type  of  creep  has  a  raonotcnically 

m 

decreasing  rate  such  as  found  in  the  transient,  1st  stage  of  creep 
curves.   Log  creep  can  logically  be  reasoned  to  be  a  result  of  exhaus- 
tion of  energy  barriers  to  deformation  capable  of  being  overcome  by  the 
applied  stress  on  a  sample  and  local  thermal  fluctuations  [34].   As  the 
material  deforms,  the  barriers  to  further  deformation  (dislocations, 
etc.),  increase,  thereby  requiring  more  energy  to  overcome  them  and 
cause  further  deformation  [60].   In  constant  stress  creep  there  exists 
a  constant  external  stress  plus  the  thermal  fluctuations.   Thermal 
fluctuations  are  capable  of  helping  overcome  normal  lattice  coherency 
(Peierls  force),  but  as  deformation  proceeds,  these  regions  requiring 
minimum  force  to  push  a  dislocation  through  are  used  up  and  only  regions 
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requiring  more  energy  (higher  activation  energy)   remain.   Thus  the 
creep  rate  decreases.   The  log  creep  equation  cannot  account  for 

steady  state  creep. 

1/3 
Andrade  creep  [59,61,62,63,64],  e  =  bt    .   This  type  of  creep 

has  essentially  no  acceptable  theory  to  explain  it.   The  reason  for  the 
widespread  use  of  the  Andrade  formula  for  transient  creep  is  that  many 
researchers  [47,65,66]  have  found  that  it  can  be  successfully  used  in 
plotting  experimental  results.   The  Andrade  creep  formula  generally 
fits  better  in  creep  experiments  where  large  creep  strains  and  temper- 
atures greater  than  about  0.4  T   are  involved.   The  basic  Andrade  creep 
"  m 

equation  will  not  fit  curves  where  steady  state  creep  has  been  involved, 
for  steady  state  creep  requires  a  linear  term  in  time  [40].   The  fit 
of  the  Andrade  creep  formula  can  be  improved  in  cases  where  steady 
state  has  occurred  by  the  addition  of  a  linear  term,  e = kt  (k=  const.). 
A  term  for  instantaneous  strain  on  loading,  s  i;67,68],  is  also  fre- 
quently  added,  thereby  making  the  Andrade  equation,  e =  e  +  Dt    + kt. 
For  monotonically  decreasing  creep  rates,  the  linear  term,  kt ,  is 
omitted.   A  constant  creep  rate  (for  a  constant  stress) ,  implies  that 
some  recovery  of  the  creep  sample  is  taking  place  during  the  creep 
experiment.   This  dynamic  recovery  [69,70]  is  most  likely  cross-slip 
and  climb.   Under  some  conditions  of  stress  and  temperature,  a  combi- 
nation of  the  log  and  Andrade  creep  equations  fit  the  data  best. 
Tlieory  has  of  course  been  left  far  behind.   Some  authors  do  not  find 
stage  two  creep  for  constant  stress  tensile  tests  [68,71]  and  observe 
a  monotonically  decreasing  creep  rate  from  the  onset  of  loading  to  the 
initiation  of  failure. 
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Diffusional   creep    (Xabarra-Herriiig:  cxeep) .      Dtffustanal   creep 
is  believed  hy  many  authors   to   be  stress  directed  self-diffusion. 
Atoms   diffuse   away   from  grain  boundaries   under   compressive   stress   to 
grain  boundaries  under   tensile   stress,    resulting   in  sample  elongation 
in  the  tensile  direction.      The  natvire  of   diffusional   creep    is  such, 
that  very  high   temperatures,    very  low   loads,    and   a  fine  grain  size   are 
required  for   it   to   be   the  dominant  creep  mechanism.      The  strain  rate 
for  Nabarro-Herring   creep  may  be  given  by   the  equation, 

e  =  (aD/L^)(crS  ^kT)  , 

2 

where  a  =  const,  about  5  for  uniaxial  stress,  6  is  an  atomic  volume  cb 

where  b  is  the  Burgers  vector   and  c  is  a  constant  about  0.7,  D  is  the 
diffusion  coefficient,  and  L  is  the  grain  diameter.   That  creep  obey- 
ing; this  equation  e:iists  has  been  shown  by  several  authors  [36,4Q,4i?, 
50,56]. 

None  of  the  foregoing  creep  and  creep  rate  equations  is  capable 
of  modelling-  or  predicting-  the  occurrence  of  or  the  results  of  massive 
recovery  such,  as  recrystallization.   Generally,  v/hen  recrystalliza-tion 
occurs  during  a  test,  the  creep  rate  increases  [72,73]. 

There  are  many  variables  affecting^  the  creep  rates  of  materials, 
some  of  which  are  temperature,  shear  modtilus ,  grain  size  and  snbgrain. 
size,  stacking  fault  energy,  stress,  composition,  and  diffusion  rate. 
The  manner  in  which  some  of  these  parameters  are  known  or  though.t  to 
affect  creep  will  now  be  discussed. 

Temperature,   Creep  is  g-enerally  considered,  a  th.ermally  activated 
process  because  It  has  an  Arrbenius  temperature  dependence;  therefore, 
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the  temperature  at  which  a  material  undergoes  creep  deformation  is  of 

primary  importance.   Creep  is  usually  thought  of  as  a  high  temperature 

phenomenon,  0.3  to  1.0  T  ,  primarily  because  its  effects  are  most  com- 

m 

monly  observed  in  this  temperature  range.   However,  creep  has  been 

reported  at  temperatures  below  10°K.   Thermally  activated  processes 

^^  -  (AHc/RT),      , 
are  exponential  functions  of  temperature;  i.e.,  f(e  ;,  ana 

for  most  materials,  AHc,  the  apparent  creep  activation  energy,  is  such 

that  recovery  processes  become  reasonably  active  above  about  0.3  T^. 

Diffusion.   Self-diffusion  is  now  generally  accepted  as  being 
the  ultimate  controlling  process  in  most  high  temperature  creep  [38], 
Nabarro-Herring  creep  is  generally  thought  to  be  stress  directed  volume 
diffusion  (though  not  by  all  researchers) [51 ,52] .   Climb  of  edge  dis- 
locations also  has  diffusion  of  vacancies  to  or  from  the  dislocation 
core  as  the  rate  controlling  step.   Many  experimentally  determined 
high  temperature  creep  activation  energies  for  most  metals  and  many 
ceramics  are  found  to  be  identical  to  or  very  near  the  activation 
energy  of  self-diffusion.   Creep  rates  are  found  to  change  abruptly 
with  an  abrupt  change  in  diffusivity  and  in  the  same  proportion. 
An  example  of  this  is  found  in  the  phase  transformation  of  iron. 
In  ceramic  compounds,  the  high  temperature  creep  activation  energy  is 
usually  close  to  that  of  the  diffusivity  of  one  of  the  elements  of 
which  the  compound  is  composed. 

Shear  modulus  [38].   The  dependence  of  shear  modulus  on 
temperature  is  generally  ignored.   This  is  usually  not  critical,  but 
significant  deviations  from  creep  rates  predicted  by  self-diffusion  data 


have  been  corrected  by  introducino;  the  temperature  dependence  of  the 
shear  modulus  into  tlie  creep  equation  [74], 

Stacking  fault  energy.   In  general,  the  lov/er  the  stacking 
fault  energy,  the  lower  the  creep  rate  [35,38,75,76,77].   A  low  stack- 
ing fault  energy  allows  widely  split  partial  dislocations  which  must 
recombine  for  the  dislocation  to  climb.   Stacking  fault  energy  is  also 
a  determining  factor  in  the  size  of  the  substructure  units  (subgrains) , 
formed  during  deformation. 

Grain  size.   That  grain  size  can  in  many  cases  have  an  effect 
on  the  creep  rate  of  a  material  is  accepted  by  most  investigators  [38,70^ 
78,79,80].   Some  authors  show  that  a  small  grained  material  has  a  lower 
creep  rate  than  the  same  material  in  large  grain  form  at  one  tem.per- 
ature,  while  others  see  Lhe  opposite  "at  another  temperature  [80]. 
Other  authors  have  found  a  grain  size  effect  only  below  a  certain 
grain  size  [78].   llie  amount  of  grain  boundary  is  that  property  which 
grain  size  determines  which  is  of  interest  in  creep.   Grain  boundaries, 
being  discontinuities  in  a  structure,  act  as  barriers  to  the  movement 
of  dislocations.   If  the  grain  size  is  small  enough  for  a  significant 
portion  of  the  work  hardening  to  be  a  result  of  dislocations  piling  up 
at  grain  boundaries,  then  one  could  envision  the  effect  of  changing 
grain  size  (amount  of  grain  boundary) ,  in  this  grain  size  region. 
If  one  decreased  grain  size  (increased  grain  boundary  area) ,  there 
should  be  a  decrease  in  creep  rate  and  vice  versa.   If,  however,  the 
grain  size  is  large  enough  that  the  pileuij  of  dislocations  at  grain 
boundaries  is  insignificant  compared  to  pileups  in  the  interior  of  the 
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grain,  then  varying  the  grain  size  would  be  expected  to  have  little 
effect  on  creep  rate.   The  grain  size  at  which  grain  size  becomes  an 
important  factor  in  determining  creep  rate  depends  upon  properties  of 
the  material  such  as  stacking  fault  energy  and  morphology  (precipitates, 
etc.),  although  there  is  no  uniformly  accepted  trend.   The  amount  of 
grain  boundary  shear  may  also  be  tied  to  the  amount  of  grain  boundary. 
Grain  boundary  shear  is  the  phenomenon  in  which  the  volume  of  a  grain 
adjacent  to  a  grain  boundary  shears  to  a  greater  extent  than  the  bulk 
of  the  grain  due  to  accelerated  recovery  [35,36,81]  (generally  poly- 
gonization) [82] ,  of  the  crystal  in  this  region.   It  has  been  shown  in 
bicrystals  [81]  that  a  significant  portion, 40%,  of  total  shear  can  in 
some  cases  be  attributed  to  grain  boundary  shear.   Some  authors  state 
that  grain  boundary  shear  can  be  a  significant  portion  of  total  creep 
in  polycrystalline  metals,  while  others  discount  its  effect.   Grain 
boundary  shear  appears  to  be  important  to  the  formation  of  cavities 
[83,84,85]  leading  to  the  commonly  observed  intercrystalline  failure 
of  high  tem.perature  creep  samples  [86], 

Stress.   The  effect  of  stress  on  creep  of  materials  and  the 
resultant  structure  is  complex.   The  stress  dependence  of  creep  is 

generally  divided  into  three  regions  [7] ,   The  low  stress  region 

1  •     5 

where  e  °:  ct  ,  intermediate  e  -^  CT  ,  and  high  stress  region  where 

e  oc  e^'^,  b  =  constant.   Most  creep  tests  and  engineering  applications 
are  concerned  with  the  intermediate  stress  region  v/here  e  is  propor- 
tional to  a^.      The  effect  of  stress  (strain  rate)  on  structure  is 
a  complex  function  of  temperature,  stacking  fault  energy,  modulus, 
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composition,  etc.,  i.e.,  the  mobility  of  dislocations  and  recovery 
processes.   Generally  in  metals  which  form  substructures,  at  a  given 
temperature,  the  higher  the  stress  and  consequent  strain  rate  the 
finer  the  substructure  formed.   The  subgrain  size  formed  in  high 
temperature  creep  seems  to  be  independent  of  deformation  (creep  or 
cold  work),  previous  to  a  given  test  [35].   If,  during  a  creep  test 
the  stress  is  changed,  a  new  subgrain  size  will  be  formed  which  is 
characteristic  of  the  new  stress  [35].   Recent  work  in  pure  aluminum 
indicates  that  increasing  the  temperature  (and  consequent  strain  rate) 
during  a  creep  test  will  reduce  subgrain  size  [82]. 

The  primary  problem  in  trying  to  determine  the  exact  nature 
and  influence  of  each  of  the  aforementioned  parameters  is  that  it  is 
difficult,  if  not  impossible,  to  alter  any  one  without  affecting  some 
or  all  the  others.   This  is  probably  the  basis  of  much  of  the  conflict 
reported  in  the  literature. 

1. 6  Purpose  and  Scope  of  This  Research 

The  purpose  of  this  research  is  to  provide  insight  and  quanti- 
tative data  relating  to  the  structural  states  through  which  a  sintered 
nickel  specimen  goes  during  a  compressive  creep  test.   The  nature  of 
the  interaction  between  the  creep  of  sinter  bodies  and  concurrent  sinter- 
ing is  studied.   Structural  changes  in  a  sinter  body  can  most  easily 
be  studied  through  the  use  of  quantitative  metallography.   Many  of  the 
well-known  quantitative  metallographic  functions  are  used.   ITiey  are: 

A   V   S.   N   and  N  .   A  new  quantitative  metallographic  function  has' 

A '   V  '   \'  '   L        A 

been  defined  during  the  course  of  this  research  which  has  proved  to  be 


a  useful  tool  in  predicting-  t])e  stren<;:t]is  of  sinter  bociics.   This  func- 
tion  A   ,  is  a   measure  of  the  load  bearing  area  in  a  sinter  body. 
'   Af 

A    is  the  standard  A   count  taken  on  the  fracture  areas  of  a  fractured 

Af  A 

sinter  body.   V.hen  a  sinter  body  is  fractured,  tiie  fracture  should  take 

the  path  of  least  resistance,  i.e.,  the  weakest  section.   Tlius ,  the 

measure  of  the  area  covered  by  fracture  relative  to  the  total  cross 

section  of  the  sinter  body  should  be  a  measure  of  load  bearing  area  in 

the  sinter  body. 

This  research  encompasses  a  400'' C  tem.perature  range,  a4000P.  S.T. 

load  range,  particle  sizes  from  -20  u  to  115  ^.i.,  and  densities  from  loose 

stack  to  100";;  dense.   The  response  of  sintered  nickel  bodies  under 

various  combinations  of  these  parameters  has  been  studied  and  presented. 

The  creep  and  creep  rate  data  have  been  modelled  to  the  equation 

e  =  e   +  at^  and  the  effect  of  the  various  parameters  on  this  equation 
o 

ai'e  presented. 


CHAPTER    2 
MTEra. AL    SPEC!  FI CATI OXS 

2.1  Material 

The  material  used  in  the  experimental  creep  work  was  nickel 
powder  purchased  from  the  Sherritt  Gordon  Company.   The  nickel  powder 
was  received  in  two  lots,  one  of  predominantly  fine  particle  size 
(-270  mesh)  and  the  other  of  predominantly  coarse  particle  size 
(-48  +  200  mesh).   The  chemical  analysis  of  each  lot  is  given  in 
Table  1.   The  powder  was  produced  by  an  electrolytic  process  which 
resulted  in  an  irregular  particle  at  small  size  fractions  which  became 
m.ore  spherical  as  tlie  powder  size  increased.   All  particles  had  a 
lumpy  surface  texture  resembling  that  of  a  blackberry.   Tlie  individual 
particles  were  not  always  solid  and  upon  metallographic  preparation 
intraparticle  porosity  could  be  seen  as  shown  in  Figure  1.   Fractures 
of  low  density  specimens  of  the  coarse,  -120  +  149,  115  [i,    size  frac- 
tions occasionally  showed  that  the  outer  layer  of  one  of  the  particles 
was  torn  from  it  at  the  point  of  fracture. 

2 . 2  Particle  Sizes  Used 

The  powder,  as  received,  was  sieved  througli  a  set  of  U.S. 
Standard  sieves  made  by  the  \v.  S.  Tyler  Cuinp;iny.   Three  of  the  size 
fractions  used  were  sieve  cuts  fro:ii  this  series.   Tlie  tlrree  size 
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Table  1.   Chemicol  analysis  of  tiie  Sherritt-Gordon 
nickel  jjowders  used  in  tlie  experimental 
work. 

Property  Lot  ^1        Lot  ^2 

Composition  \vt  % 

Nickel  (includes  Cobalt) 

Cobalt 

Copper 

Iron 

Sulfur 

Carbon 

Apparent  Density  (gm/cc)  4.61  3.76 


Dominant  Size  Range  (-4S-;-200)         -270 

(mesh) 


99.9 

99.9 

0.064 

0.110 

0.005 

0.005 

0.004 

0.014 

0.016 

0.034 

0.005 

0.016 

20 


Figure  1.   Intraparticle  porosity  in  the  nickel  powder. 


fractions  fro!:i  the  Tyler  sieves  were:  (1)  coarse  (-120  ^  140,  115  a), 
(2)  intermedinte  (-230  i  270,  57  ^)  ,  and  (3)  fine  (-400  +  500,  30  \i)  . 
A  fourth  size  fraction  was  prepared  by  taking  the  fines  wliich  passed 
through  the  500  sieve  and  further  sieving  it  on  screens  in  an  Allen- 
Bradley  Sonic  Sifter.   The  size  fraction  used  from  this  sieving  was  the 
powder  which  passed  through  the  20  ix  screen,  designated  -20  jj..   Scanning 
electron  microscope  photographs  of  these  four  size  fractions  may  be 
seen  in  Figures  2  and  3.   Specimen  notation  throughout  the  woil-:  is 
keyed  by  both  a  letter  and  a  number.   The  letter  denotes  the  size 
fraction  from  which  the  samples  were  prepared  and  the  number  denotes 
the  chronological  order  of  testing.   The  notation  is  as  follows: 

A  #  =  -400  -1-  500,  30  microns  (p.) 

B   ~    '-=    -230  +    270,  57  microns  (yi) 

C  F  =  -120  -i    140,  115  microns  ('|_l) 
-20  microns  =  -20  microns  +  0  (average  11  (i)  . 

2.3   S ampl e  Preparation 

The  procedure  for  manufacturing  the  loose  stack  sintered  speci- 
mens was  the  following.   Previously  sized  powder  was  poured  into  a 
graphite  mold  containing  10  to  12  flat-bottomed  holes  .375  inch  in 
diameter  and  .75  inch  in  depth.   The  m.old  so  charged  was  then  inserted 
into  a  nichrome  wound,  silica  tube,  presintering  furnace  which  was 
maintained  at  lOOO-'C.   The  atmosphere  in  the  presintering  furnace  was 
wet  hydrogen.   Presintering  time  was  1  hour,  after  which,  the  graphite 
boat  was  withdrawn  from  the  furnace  and  th.e  lightly  sinter. ^d  blanks 
were  tapped  out  of  t!ic  mold  and  the  mold  was  reused. 
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-20  p, 
2000X 


30  |j, 
lOOOX 


Figure  2.   Scanning  electron  photomicrographs  of 
-20 )i  and  30 p,  nickel  powders. 
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57  (J, 
500X 


115n 
500X 


Figure  3.   Scanning  electron  photomicrographs  of 
57 ;i,  and  115 ^  nickel  powders. 
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The  temperatures  used  for  sintering  varied  from  1100° C  to 
1400° C.   The  sintering  furnaces  were  globar  heated  and  had  high  purity 
impervious  alumina  tubes.   The  boats  in  which  the  presintered  blanks 
were  placed  for  sintering  were  also  of  high  purity  alumina.   Any  mate- 
rial with  any  appreciable  trace  of  silica  in  the  sintering  environment 
resulted  in  destruction  of  the  sintering  blanks  due  to  liquation  at 
the  surface  of  the  blanks  or,  in  some  cases,  complete  melting.   The 
dissociation  of  the  water  in  the  wet  hydrogen  atmosphere  provided  a 
back-pressure  of  oxygen  which  effectively  retarded  any  SiO  transport  at 
sintering  temperatures. 

Samples  above  93%  relative  density  were  made  by  hot-pressing 
the  powder  in  a  graphite  mold  at  1200° C.   A  1-inch  diameter  blank  was 
made  in  this  way  which  was  91%  dense.   This  large  blank  was  then 
annealed  in  wet  hydrogen  at  1000°C  and  cold-pressed  at  70,000  F.S.I, 
to  96.5%  relative  density.   Several  nominally  identical  high  density 
specimens  were  than  electro-discharge  machined  from  this  blank  and 
annealed.   Samples  which  were  100%  dense  were  first  hot-pressed  to 
97%  relative  density,  annealed  and  swaged.   All  hot-pressing  was  done 
in  grapMte  molds.   This  procedure  resulted  in  the  contamination  of 
the  specimen  with  enough  carbon  to  cause  melting  at  1400° C.   The 
samples  were  therefore  given  a  decarburizing  treatment  at  1000° C 
which  consisted  of  1  hour  in  a  slightly  oxidizing  atmosphere,  com- 
mercial tank  nitrogen,  followed  by  30  minutes  under  hydrogen. 

Density  measurements  were  made  by  using  a  wax  impregnation 
Archemedes  method.   The  sample  was  weighed   (dry  weight) ,  impregnated 


with  wax,  and  weighed  again  (wax  weight).   Tiic  impregnated  sanple  was 
tlien  supported  by  a  line  wire  and  weighed  while  immersed  in  water 
(H  0  weight).   The  wire  weight  was  the  weight  of  the  wire  suspended 
in  the  water.   The  density  was  determined  from  the  following  equation;: 

3  Dry  weight 

Density  (gm/cm  )  --^   ^^^-^T^ight  -  (il^O  weigh.t  -  V;ire  weight) 

Relative  density  could  then  be  obtained  by  dividing  by  8.906  gm/cm  , 
the  theoretical  x-ray  density  of  nickel.   If  the  desired  density  of 
nickel  had  not  been  reached,  the  wax  was  burned  out  in  air  and  the 
blank  returned  to  the  sintering  furnace  for  further  sintering.   This 
process  was  repeated  until  the  blank  had  a  measured  density  equal  to 
the  density  desired,  ±  0.5%. 

A  blank  of  the  desired  density  was  then  machined  on  a 
Schaublin  70  high  precision  latlie.   The  specimen  was  a  right  circular 
cylinder  with  a  tolerance  of  ±  0.0002  inch  on  the  diameter  and  with  the 
ends  within  0.0002  inch  of  being  parallel. 

2.4   Experimental  Investigation  into 
the  Creep  of  Sintered  Nickel 

The  experimental  investigation  of  sintered  nickel  was  done  in 
compression,  encompassing  a  wide  range  of  loads,  Temperatures,  par- 
ticle sizes,  and  densities. 

2.4.1   Equipment  (Creep  Apparatus) 

The  creep  apparatus  consisted  of  a  globar  furnace  with  an 
impervious  alumina  tube  in  which  ti^c  sample  and  loading  rig  were 
inserted  for  the  test.   A  complete  view  of  the  creep  apparatus  in 


operation  is  sliown  in  Figure  4.   The  loading  rig  in  v.hich  the  sample 
was  placed  for  testing  consisted  of  three  —  -  incli  di  ar.eter  rnolybdeniiin 
I'ods  bolted  to  a  1 inch  diameter  molybdenum  base  plate  which  sup- 
ported the  sam-ples.   Loading  was  effected  by  means  of  a  fourth  —  -  incli 
diameter  molybdenum  rod  which  used  the  three  support  rods  as  guides 
(see  Figure  5).   The  support  rods  were  bolted  to  a  stainless  steel 
plate  whicli  was  bolted  to  a  large  aluminum,  plate  v.hich  served  as  the 
working  surface  for  the  remainder  of  the  creep  apparatus.   The  stainless 
steel  plate  also  had  a  gas  outlet  in  it  as  well  as  holes  for  the  load- 
ing rod  and  measuring  thermocouple  which  was  positioned  next  to  the 
test  sample.   A  pliotograph  of  this  part  may  be  seen  in  Figure  6. 
Loading  was  accomjjlished  by  a  3  to  1  lever  which  had  a  'oall  bearing- 
pivot.   The  load  was  transferred  to  the  loading  rod  from  the  lever 
arm  through  a  ball  beai-ing  set  into  a  piece  of  steel.   This  ball  bear- 
ing liad  a  flat  ground  on  it  on  which  the  dial  gage  rested.   V/ith  the 
dial  gage  directly  over  the  sample,  one  could  read  deflection  of  the 

sample  directly  during  the  test.   The  dial  gage  had  a  range  of  0.4 

-4  -5 

inch  and  direct  readings  to  10   inches  with  estim.ates  to  10   inches. 

The  height  of  the  lever  arm  pivot  and  the  dial  gage  was  adjustable  to 

accommodate  different  length  specimens.   Tlie  working  surface  of  the 

ai)paratus  is  shown  in  Figure  7. 
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Figure  4.   Creep  furnace  in  operation. 
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Figure  5.   Molybdenum  creep  rig  with  sample 
in  test  position. 


Figure  6.   Stainless  steel  plate  supporting 
the  inolybdenim  creep  rig. 


Figure  7.       V/orking    surface   of    creep    apparatus 
as    in   operation. 
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2.4.2  Test  Conditions 

The  range  of  conditions  of  the  test  parameters  is  as  follows: 

1.  Temperature   -  700° C  -  1100° C 

2.  Load         -   25  P.S.I.  -  4000  P.S.I. 

3.  Density      -  60Tc  -  lOO^c  Rel.  Density 

4.  Atmosphere   -  Wet  Hydrogen. 

2.5   Experimental  Procedure 

A  specimen  machined  to  the  desired  size  was  measured  with 
a  micrometer  before  inserting   into  the  creep  apparatus  while  outside 
the  furnace.   The  specimen  sat  on  an  alumina  disk  and  had  one  rest- 
ing on  it.   The  loading  rod  was  then  lowered  onto  the  sample  to  avoid 
sample  movement  and  consequent  misalignment  during  insertion  of  the 
rig  into  the  furnace.   The  rig  was  lowered  into  tlie  hot  zone  of  the 
furnace,  at  which  time  the  loading  rod  was  lifted  from  the  sample  and 
remained  off  until  the  sample  temperature  had  risen  to  test  temperature 
and  the  creep  test  was  to  begin.   While  the  sample  was  coming  to  temper- 
ature, as  measured  by  a  thermocouple  placed  next  to  the  sample,  the 
lever  ami  was  placed  over  the  loading  rod  and  the  dial  gage  was  locked 
into  place  directly  over  the  rod.   Wlien  the  test  was  to  begin,  the 
loading  rod  was  lowered  to  contact  the  sample,  an  initial  dial  reading 
was  taken,  and  the  load  applied  at  time  zero,  t  ,  for  the  start  of  the 
test.   Dial  readings  were  taken  at  intervals  to  record  the  creep  curve 
and  a  temperature  reading  at  the  same  time.   At  completion  of  the  run, 
the  load  was  removed  from,  the  sam.ple  and  the  entire  rig  was  removed  from 
the  hot  zone  of  the  furnace.   The  loading  rod  was  lifted  from  the  sample 
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immediately  at  the  end  of  the  test.   Elapsed  time  from  the  end  of  the 
creep  test,  removal  of  load  and  loading  rod  from  the  sample,  to 
removal  of  the  sample  from  the  furnace  hot  zone  was  generally  3  to 
5  minutes. 

All  creep  work  was  done  in  a  hydrogen  atmosphere  to  prevent 
oxidation  of  the  sample  and  the  molybdenum  creep  apparatus. 

When  the  sample  had  cooled,  the  final  length  was  measured 

and  the  per  cent  error  of  creep  measurement  was  calculated  according 

to  the  following  formula: 

(Dq  -D^)  -  (L^  -L^)  X  100 
%  Error  =  


^4  -  W 


where 


D   -      Initial  dial  reading 

D   -   Final  dial  reading 

L   =   Initial  sample  length  as  measured  by  micrometer 

L   =   Final  sample  length  as  measured  by  micrometer  , 
This  error  was  usually  less  than  6%.   If  the  error  was  greater  than 
15%,  the  test  was  automatically  discarded. 


CHAPTER  3 
EXPERIMENTAL  RESULTS 

The  experimental  work  was  designed  to  provide  information  on 
the  creep  of  sintered  nickel  under  conditions  of  varying  particle  size, 
density,  temperature,  and  load.   Studies  of  sintering  kinetics  were 
performed  on  the  various  particle  size  powders  independent  of  creep 
testing.   Densif ication  rates  of  loose-stack  sintered  specimens  can  be 
translated  into  lineal  shrinkage  which  may  be  significant  in  compres- 
sive creep  testing.   The  density  was  monitored  both  before  and  after 
creep  testing.   Quantitative  microscopy  was  used  as  a  means  of  -follow- 
ing the  evolution  of  microstructure  in  loose  stack  sintering  as  well  as 
in  creep  testing. 

3.1   Densif ication  and  Shrinkage 
in  Sintering 

The  densif ication  (shrinkage)  of  nickel  powder  aggregates  was 
measured  as  a  function  of  particle  size,  density,  temperature,  and  time. 
The  first  step  needed  to  understand  the  creep  of  sintered  nickel  was  to 
determine  the  sintering  kinetics  of  the  various  powders.   This  infor- 
mation was  needed  to  determine  what  fraction  of  the  length  change  in 
a  creep  test  was  ascribable  to  loose  stack  sintering  phenomena  in  a 
compressive  creep  test. 
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As  a  jxiwder  aggresate  sinters  and  densifies,  the  lineal 
dimensions  decrease.   If  the  sintering  is  isotropic  (under  no  force 
except  that  of  surface  tension),  the  lineal  shrinkage  nay  be   calcu- 
lated according  to  the  following  equation: 

/3  .1/3        A  -Vv^n1/3 
^h^    1    -  t2)  -  1  -  i—- ^)  (1) 

o  ^ 

where  L   is  the  initial  length,  p   is  the  initial  density,  Vy^  is  the 
o  o 

initial  volume  fraction  porosity,  and  o  and  V^,  are  final  states, 
respectively.   From  equation  (1),  the  amount  of  strain  in  a  creep  test 
that  is  attributable  to  loose  stack  sintering  may  be  subtracted  from 
the  total  strain.   The  densif ication  curves  for  the  four  particle 
sizes  used  in  the  creep  experiments  at  three  tem.peratures  are  given 
in  Figures  8  to  10.   The  incremental  average  shrinkage  rates  versus 
percent  density,  corresponding  to  the  densif ication  curves  are  given 
in  Figures  11  to  13.   The  incremental  average  lineal  shrinkage  rate 
is  calculated  according  to  the  following  formula: 

AL/L  /hr  -  1  -  I  ^  ft  K-nft  )  I   /t_-t.  (2) 


ir  -..  1  -  [D(t^)/p{t^)~j     /tg-t^ 


where  p  (t^)  and  p  (t^)  are  the  densities  after  sintering  for  times 
t   and  t    with  t  >t  .   The  AL/L  /hr  is  calculated  between  each  time 
interval  and  is  plotted  versus  the  density  at  the  end  of  the  time 
interval  p  (t  ) .   All  densif ication  and  corresponding  AL,  L^/hr  data  for 
Figures  8  to  13  are  given  in  Table  2.   Loose  stack  sintering  and  creep 
are  parallel  mechanisms  in  the  shortening  of  a  porous  sintered  saiaple 
in  comoressive  creep.   Any  change  m  the  creep  conditions  which  would 
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nickel  pov/ders  at  1100°  C,  1250"  c:,  1350°  C  and  the  correspond- 
ing calculated  incremental  average  slirinkage  rates. 

Particle  Size,  Temp.  Total 

Loose  Stack,  d   ("c)   time  (hr.s)  r:=  t   .  25      .5       1       2  4 
'  o 
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62.61 

64.56 

66.34 

70.74 

.00113 

.000597 

.000527 

.000318 

.000141 

.000128 

62. 11 

63.87 

66.64 

69.58 

72.91 

76.83 

. 00193 

.00116 

.000878 

. 000446 

.000242 

• 

.000104 

increase    the   reLati.\o    J.^iiKirtanee   of    Pint  crin'j;   v,-it,li    i-especL    to    t]!;.!.    oC 
creep   will    inerense    Iruil-    poi'tion   C)!'    tlie-  rii-i'iisiu-ecl    Kti'aiii   v.'jiich    is 
;i t  L:'il5i)table    to    Hinl"*.;i'in:;-    anci   vice    vevsu.       Tor    exainple,    at    a    fj;iven 
tciiiperature    and    coiiiii.re.osivo    strain   rate,    a    samijle   o:C    lov.er    dc:nsjty 
and    lov.'er    loaci   would   luu'c    a   c.;reater   pr;rtion   o;f    its    striiin   attritnitablc 
to    sLnteririg    th.nn   one   oi    .hi;;'hei'    densitj'    and   hi^Jier    load. 

liie   dens  j  f  icatioii   rates    ai'e    entii-ely    coasisten.t,    witli    the 
finest   nickel    po'.-:dcM'    siritering    faster    riian   the    coarser   i~jov,-der    at    eacli 
density    and    temperature   level.       It    can    ea.sily    be    seen    that    tlie    shi-ink- 
age   rates    due    to    IoijSo    stack    sintering   v.'oulo    bo   lowei'    for    teii^peratures 
lo'.ver    tlian   ttiose    in   Table    2    ;nid   for    densities   Jiigiier   than   those    in 
tlio    table.       Densi  f  i  ca  t"  Jon    rates    for    al  .1    powders    fit    the   following 
eci  nation: 

P  --=    e;:p    -   i   a(D   )  """    e"'^'  " '  (  u )'"  (  (3) 

L        o  J 

wlierc!   Pisa   porositj"    parameter    equa^l     to    ^»\-    "\'\'    i    A'.'iiere   V      is    tJie 

Tjoi'osity    at   ti.me    (t)  ,    mid    \\r      is    Hit'    loose    stack   jjorosity,    D      is    tlie 

^  o  '  o 

starting   particle    si/^e  iiiici'ons,    T  -    "K .    t   -    time    (h2's)  ,    R    is    the   gas 

constant,    1.987    cal/mole"K,    a  :^    1550,    n  r-    1,    O  rr    16,200    cal/inole,    and 

m  =    0.4.       The   -20;j.  powder   had    an    effective   D      of    11  n. 
'  o 

3.2      Calibi'at;e   ;\lj    in   Creep    as    a   Function 
of    Particle    Size,    Density,    Load, 
Tempei'atu2-e ,    and   Time 

The   inajri    thrust    of    tlie    expej-im..'nlnil    crce])   v;or]-    luis   been    the 

characterization   of    fiie    effects    of    tlie    d  i  P  fijre.'it    conditions    of    creep 

testing.       Ihere   v,ei'e    systematic    sei'ies    of    creep    tests    rial    to    sejiarat'- 


tlu;    effects    ol   pai'ticle    size,    clcr.s.ily,     Lenuieriiture,    anci    load   on    ci-cop 
I'ates    and    toLal    creep.       The    data    o]itaira,-d   v/oi-e    ci'j'Ve    fitted    to    an 
Andrade    type    equaljon. 

e  =    c      -.    at".  (4) 

o 

The    exponent    of    tiiiie,    n,    varied   v,it]i    stres-s    as    did    g      and    a.       These 

o 

"constants"    v.'ei'o   jilotLed    ;"is    a    fonction   t)f    stress    on    tlic   nrinirium   Eample 
cross    section    (oA      ),    for    sa)iiplcs   of    the   llGu,  pai'tj.cle    size   crept 

7\f       ' 

at   1100°C.       Froi.i   th.e    finictional    depeiidence   of    these    constants,    '-    , 

o 

a,    and   n,    one    can    Lii^-n  write    an    ctination   tJiat   models    creep    of    the 
115'^.  particle    size   sairiples    as    a    func-.tion   of    sti'ess    at   1100°C.       Th.is 

oq\iation    is: 

.cA       .  -.246 
/       Af  \ 

,aA ,  , ,  1 .  42  .oA ,,,2.146  VlOO    /' 

Creep    data   on    all    saniples   vised    in   iliis    research    ai-e   g'ivon    in  Table   3. 

A  basic    assin;!pt.i  on   lias   bev:n   made    in    the    tests    tliat   wei-e 
un-dertaken    to   model    tlie    effects    of    tempei'ature,    load,    and    density. 
This    assumption  v;as    that    the   densifi  cation    effect    of    sintei'in;-;-    is 
negligible.       This   means    that    the   dimensional    chan.ge    in    a    creejj    saiaple 
caused   by    loose    sLack    sintering    densif  ical  ion   during    a    test    v;as    small 
enoi'.gh    to    be    ignored.       To    tlii.s    end,    tlic   lai'gcst    size    fraction   of    pov.der 
was    used    in  ir.ost    e.':periri,ents ,    \vi  tli    tlie    clioice   of    the   other    conditions 
to   ]je    held    constaiifc    select'.'d    ac'coi';u.e:';l\' . 
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3.2.1  Parti  c  l_c    S  i  /.  e   Itffe  c t 

Tliere  were   :Ccni:!'   ]KnM::Lcle    sizes    tested   \ir,clcj,'    creej)    conditions. 
They   v/ere:       -20,1,,    -400 -i-  500  (30(j,)  ,     -230  ■;■  270  (57  i.)  ,    and    -120  +  110  (115  t;)  . 
Comparisons    of    tiit'    creej^    ol    the    tlireo   particle    sizes    wei-c   I'un    a.t    Llirec 
dilfei'ent    loa.d-tei:iiiorature    comljinations ,    1100'-''C    and    5()0    P.S.I.  , 
900-'C    and    ]  000    P.S.I.  ,     and   700°C    and    2000    P.S.I.       The    results    of    those 
twelve   tests   may   be   seen    iii  Fit;ures    11.    to   16a.    For    these   tests,    all 
sajnnles    st.ai'ted    at    SO',"',   dense.       In   all    cases,     (lie   finer    the   pov.xler   fi'om 
whicli   tlie   sar.iple   was   riade,    the   yreaLe^'    the   percent    cree-p    at    tlie    end   of 
the   tvvo-hour    creci)    tests.       The   wide    difference    in    tlie    arrioiint    of    creep 
cannot   lie    explained    from   sh.3  inka;';e   due    to    loose    stack    sintering    densi- 
fication.       Samij]  es    of    the    various    powdoi's    at    100',,    relative    density 
shov/ed    that    tiie   finer    the    starting   pov,c!ei',    tlie   lo'.ver    the    creep    I'ate, 
This    effect    at    100'',:,   density    is    due    to    ihe   puriLj'    of    the   riickel    powder 
decreasing   with,    decreasing-   particle    size,    Figure   16)3   and   Table   1. 

3.2.2  TeTiiperature   FffecL 

Th.e    tor::.pei-atvii'e    effect    on   creep   v/as    studied    in    a    series    of    80% 
dense,    llSjj,  sariiples    under   a    load   of    1000   P.S.I.       TJie    creep    curves    for 
these   five    sanities   laay   be    seen    in.   Figui-e   17.       llie   I'esults    are    as 
expected,    with    total    crec};    and   ci'eep   .rate    inci'casing   with    iricreasing 
ternperatiii'e. 

3.2.3  Effect    of    Starting    ]:)onsity 

The    cffc'Ct   of    s'tai'ling    deusitj'   on   creeiJ    I'atc   was    predictal'ilc 
v/ith    toi:al    creep    and    ci-oep    j-ate    increasing    with    u    decLvase    i)i    densit3' 
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Figure   14.       The    creep   of    80';c  dense   nickel    stminles    oi    four 
different    siJ-.e   fi-actions    versus    t:irnc    at    110u'=C 
and   500   P.S. I. 


-20i,i        96 
O      30(1     A'i5 

B    11 5 u      C44 


80  120 
t    (iidn) 

Figure   15.       The   ct'eefj    of    80%  deiiso   nickel  pnmples   of    four   different 

s.ize   fractions    versu.s    tiiae    ;it  900"C    and   iOOO    P.S.I. 
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Figure  16a.  Tiio  creep  of  80%  den?;e  nickel  samples  of  four 
different  size  fractions  versus  time  at  700^ C 
and  2000  P. S. I. 


o 

C) 

Ti 

n 

« 

o 

5^ 

o 

G-) 

[n 

0) 

Tf 

r^ 

rt 

o, 

Cij 

H 

&-  o 

O     T-i 


ft 


doo.TO 


dooxj 


55 


for  a  set  temperature  and  load.   Figures  18  to  21  show  the  results  of 
varying  the  density  of  samples  while  holding  particle  size,  temperature, 
and  load  constant. 

3.2.4   Stress  Effect 

The  creep  rate  of  sintered  nickel  increases  with  an  increasing 
stress.   Figures  22  to  27  show  the  results  of  creep  experiments  over 
a  wide  range  of  loads  and  densities  at  two  temperatures.   In  each  series, 
the  temperature,  density,  and  particle  sizewereheld  constant. 

3. 3  The  Quantitative  Microscopy  of 
Sintered  Nickel  Creep  Samples 

Quantitative  microscopy  has  been  established  as  a  useful  tool 
for  the  description  of  microstructures.   In  the  course  of  this  work, 
quantitative  m.icroscopic  meas\!rements  were  taken  as  a  means  for  under- 
standing microstructural  changes  that  occurred  when  a  porous  body 
underwent  creep. 

3.3.1   Quantitative  Microscopy  on 

Polished  Surfaces 

The  quantitative  microscopic  measurements  were  first  taken  on 
samples  in  the  as  sintered  state  for  use  as  controls,  then  on  samples 
which  had  undergone  creep  testing.   The  quantitative  metallographic 
data  taken  on  polished  sections  of  loose  stack  sintered  samples  and 
crept  samples  may  be  found  in  Table  4.   A  plot  of  S^  versus  porosity 
is  given  in  Figure  28  for  30 ji,  57 |x,  and  115 ^j.  loose  stack  sintered 
samples.   On  crept  samples,  quantitative  metallography  data  were  taken 
in  two  directions,  one  parallel  to  the  creep  direction  and  one 
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Table    4.       Quanti  t;a  i:;ive   mici-oscopy    data   on   polished    sections. 

Creen    Saiiinles 


Ci'oe^) 


128. IG 
C21     115      1100    1000       7.54        7. 85      12.5      14  1.4 

121.58 
C22     115      1100      500        7.58         7. 90        5.25     120.20 

213. 57 
C25     115      1100     1000        6.76         7.10       15.5      232.30 

191.28 
C26     115      1100      500        6.71        7.12       13.37     204.32 

128. 55 
030     115      1100     1000        7.13        7.7S      13.09     160.24 

157.46 
C31     115      1100      500       7.13        7.6S      10.96     177.34 

210.7  2 
C39     115      1100      500        6.24        6.95       13.4      224.52 

227.70 
C40     115      1100      250        6.23        0.84       12.05     231.02 

249 . 44 
C41     115      1100     1000        6.21         O.Sl       15.32     262.44 

165.10 
C47     115       900     1000       7.15        7.21        4.72     173.08 

241. 88 
C43     115       900     1000        6.23         6.60        6.18     218.60 

173.24 
C49     115       900      500        7.11         7.2  1        4.19     178.96 

152.7  8 
C5ii  115       900     2000        7.13         7.79        8.17     180.78 
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Creep    Samples 
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-3 


n  s^  =  n\ 

net 

-      9.48 

,8875 

-      9.36 

-      9.56 

.9863 

-      8.77 

-   14.50 

.9193 

-   10.86 

-      9.32 

.9361 

-      9.88 

-   10.71 

.8022 

-   10.43 

-      8.18 

.8878 

-    10.43 

-   10.27 

.9385 

-      9.05 

-      8.10 

.9833 

-     7.90 

-      7.51 

.9506 

-      7.98 

-      8.41 

.9538 

-      7.38 

-      9.13 

.9729 

-   10.27 

-      7.82 

.968 

-      6.99 

-      8.69 

.8424 

-      9.56 

n  T, 


net 


\ 


xio 


-3 


1.013 


1.09 


1.33 


944 


1.03 


.784 


1.135 


1.025 


.9406 


1.145 


.9729 


..11 


9091 


- 

29.8 

- 

29.21 

_ 

30.0 

- 

27.5 

_ 

36.1 

- 

34.1 

_ 

29.3 

- 

31.0 

_ 

33.6 

- 

32.8 

_ 

25.7 

- 

32.8 

_ 

32.3 

- 

28.4 

_ 

25.4 

- 

24.8 

_ 

23.6 

- 

25.1 

_ 

26.4 

- 

23.1 

_ 

28.7 

- 

32.3 

_ 

24.6 

- 

22.0 

_ 

27.3 

- 

30.0 

cm) 

\  xio 

(cm) 

23. 

24 

37.14 

20. 

37 

32.96 

24. 

70 

35.10 

22. 

35 

34.63 

16. 

91 

38.06 

14. 

69 

34.99 

15. 

31 

42.01 

15. 

19 

39.33 

26. 

16 

39.49 

20. 

45 

31.68 

16 

32 

35.00 

18 

48 

31.15 

15 

31 

41.76 

12 

66 

39.10 

11 

17 

40.81 

10 

72 

40.13 

9 

45 

37.80 

9 

48 

35.93 

16 

01 

46.23 

13 

34 

44.09 

11 

85 

42.88 

12 

98 

41,72 

14 

18 

43.29 

12 

.27 

41.91 

17 

.93 

33.04 

16 

.61 

27.83 

Tnble  4  (Continued) 
Creep  Samples 


Part.    Temp.     Load    p  before    p  after      C:reep       S 

Size     °C      P.S.T. .       ,3         ,3        % 

gm/cm       gnv  cm 


137.68 
C31     115       900     4000       7.12        7.84       22.14    174.38 

143.7  2 
C55     115       900     4000        7.12         7.58        17.23    172.48 

295.80 
B54      57       900     1000       7.09        7.25         3.82    306.37 

-20  Li  852.88 

105     -20p,    1100      292.5     60.17        69.98       18.05    904.10 

-20 H  504.3 

108     -20i.i,    1100      517.5      7.08        7.54        15.22    518.3 
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%-^\ 


.7895 


.8332 


.9654 


.9489 


.9230 


Table  4 

(Extended) 

Creep 

Samples 

T,    XIO  ^ 
net 

net 

M^XlO-^ 

H 
(1/cm) 

4 

^  xio 

(cm) 

-  12.05 

-   37.8 

-   27.49 

34.89 

-   10.15 

1.187 

-   31.9 

-   18.29 

27.55 

-   10.07 

-   31.6 

-   22.02 

34.62 

8.57 

1.175 

-   26.9 

-   15.61 

34.89 

-   30.42 

-   95.6 

-   32.31 

25.21 

-   28.33 

1.074 

-   89.0 

-   29.05 

24.34 

-  689.4 

-2165.8 

-2524.55 

14.02 

-  776.3 

.8881 

-2438.8 

-2697.5 

13.31 

-  981.7 

-3084.2 

-6115.8 

12.12 

-  999.5 

.9822 

-3140.0 

-6055.8 

11.86 

60 


Part. 
Size 
V- 

30 


57 


115 


Table  4  (Continued) 
Loose  Stack  Sintered  Samples 


6 

\ 

^^ 

■% 

H 

K 

cm 

Porosity 

( crn  ) 

-L"?     -5 
(cm'")AlO 

(cm"^) 

(cm) 

7.81 

.  104 

293 

-  2.62 

-894 

.0014 

7.23 

.  158 

556 

-  2.05 

-369 

.0011 

6.65 

.  221 

790 

-  5.15 

-652 

.0011 

6.11 

.283 

923 

-  5.44 

-589 

.0012 

5.35 

.354 

1230 

-  5.  84 

-475 

.0011 

4.96 

.397 

1370 

-12.8 

-934 

.0011 

4.85 

.402 

845 

-  4.84 

-573 

.0021 

5.08 

.393 

708 

-  1.95 

-275 

.0022 

5.52 

.  368 

701 

-  2.84 

-405 

.0020 

5.98 

.  322 

624 

-  2.  36 

-378 

.0020 

7.05 

.176 

407 

-  1.  87 

-459 

.0017 

5.49 

.402 

417 

-   .  914 

-219 

.0038 

5.  95 

.  333 

281 

-   .  082 

-  29.1 

.0047 

6.  31 

.287 

254 

-   .202 

-  79.5 

.  0045 

7.09 

.224 

17  9 

-       .237 

-132 

.0050 

7.45 

.131 

126 

-   .286 

-227 

.0042 

da  O.I  3 


cIoo.i3 


(:•::, 


I 

1 

1 

1 

o 

o 

o 

o 

o 

o 

o  o 

00 

o 

o 

lO 

^ 

CO 

(M   rH 

da  3  JO 


<]. 


ClOO.TD     % 


da  a. TO   % 


cloojo   % 


ClOO.TD 


O  □  X  <] 


o 

C) 

o 

n 

<H 

O 

^H 

o 

O 

rH 

Q:><>oo-o.^,^^. 


claojo    % 


(i(      Cu       P-, 


O  S  X  <!  O 


^^t>o~ 


0)  o 
H-i   O 


do  3. to 


o  o 

<D   o 
=H    O 


70 


da  a  JO  'J, 


clao.TO   % 


72 


1600 


1400  _ 


1200 


1000 


N  In 

"L"    800 


600 


400  - 


200  . 


V  porosity 


Figure  28.   Surface  area  (S  )  versus  volume  fraction  porosity  (V  ) 
for  the  30p,,  57  p,,  and  llSp,  nickel  powders  loose  stack 
sintered  to  different  densities. 
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perpendicular  to  the  creep  direction,  rather  than  randomly  as  is 
generally  done.   This  counting  in  specific  directions  shows  the 
anisotropy  created  in  the  pore  structure  by  creep  deformation. 

In  loose  stack  sintering,  S   varies  linearly  with  V^^  once  the 
conditional  minimal  surface  area  has  been  reached  in  second  stage 
sintering.   The  effect  of  creep  in  all  cases  has  been  to  increase  S^^ 
relative  to  the  S  of  a  loose  stack  sintered  sample  which  is  of  the 
same  density  as  the  creep  sample  after  a  creep  test.   This  may  be  seen 
in  Figure  29  where  S  ^  is  plotted  versus  V   for  many  crept  samples  of 
115|i  powder  and  all  points  lie  to  the  high  side  (surface  excess  side) 
of  the  loose  stack  sintered  line. 

An  anisotropy  factor  was  defined  as 

Property  in  perpendicular  direction 
"'  ~  Property  in  parallel  direction 

The  anisotropy  of  S  ,  QS  ,  is  plotted  versus  percent  creep  in  Figure  30. 

Anisotropy  varied  roughly  linearly  with  percent  creep  in  the  30p, 

nickel  samples,  but  showed  much  scatter  in  the  57  ^  and  115|i  samples. 

3.3.2   Quantitative  Microscopy 
on  Fracture  Surfaces 

Fractured  surfaces  of  sintered  and  sintered  and  crept  samples 

were  also  amenable  to  quantification  by  quantitative  metallography. 

The  quantitative  metallographic  parameters  used  in  the  quantification 

of  fracture  areas  were:   A,^,  N  .,  and  N...   These  quantitative  metal- 

Af    Li        Ai 

lographic  measurements  were  taken  from  irregular  internal  surfaces 
which  were  exposed  when  the  porous  samples  were  fractured.   Note  must 
be  made  that  these  measurements  are  not  taken  from  plane  polished 
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Anisotropy  in  suz^face  area  of  crept  samples,  plotted 
as  a  function  of  the  amount  of  creep.   Data  include 
a  broad  range  of  sample  configurations  and  test 
conditions. 
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surfaces  as  in  most  quantitative  metallography.   The  A^  measurement 

is  defined  as  the  area  fraction  of  fractured  surface  and  is  simply  the 

fraction  of  the  total  projected  area  occupied  by  fracture.   N^^  is  the 

line  intercept  count  taken  on  the  perimeters  of  the  fractured  areas. 

The  N   count  is  simply  the  number  of  distinct  fracture  areas 
'  Af 

recorded  per  unit  area. 

A  series  of  four  samples,  three  of  which  were  crept  and  one 
control  sample,  made  from  llSp,  nickel  powder  were  measured  for  A^_^ , 
N   ,  and  N   .   All  samples  were  notched  and  then  fractured  in  the 
apparatus  shown  in  Figure  31.   The  notched  sample  was  inserted  into 
the  apparatus  with  the  notch  toward  the  bottom.   The  knife  edge  was 
rested  against  the  sample  opposite  the  notch.   The  apparatus,  thus 
assembled,  was  then  iiimiersed  in  a  container  of  liquid  nitrogen. 
Wnen   the  nitrogen  boil  subsided,  the  knife  edge  was  struck  a  sharp 
blow  with  a  hammer,  fracturing  the  specimen.   The  fracture  mode  was 
com-pletely  ductile.   A  section  of  the  fracture  surface  was  cut  out  with 
a  jeweler's  saw,  with  care  taken  not  to  include  any  area  deformed  by 
the  knife  edge.   These  sections  were  than  mounted  and  inserted  into 
a  scanning  electron  microscope.   All  counting  was  done  by  using 
a  5  X  5  grid  of  points  and  lines  held  against  the  display  tube  by  the 
tube  cover  plate. 

The  A   ,  N   ,  and  N   counts  on  the  115 n  samples  were  taken  at 
500X  magnification.   The  results  of  the  "change  in  A^^  with  percent 
creep  are  shown  in  Figure  32.   All  quantitative  m.etallcgraphy  data 
taken  on  fracture  surfaces  are  in  Table  5.   The  N^^  and  N^  counts 
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Figure  31.   Apparatus  used  to  fracture  notched,  sintered  samples 
for  quantitative  metallography  of  fracture  surfaces. 
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Table    5.       Quantitative   metallog^'aplly    of    fractui'e    surfaces. 

Quantitative  microscopy   of    fractured    as    sintered    samples 
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Loose  stack  density. 

Quantitative  metallography  of  fractured  creep  sauples 


Particle  Size    %  Creep     A        N        N^_^ 

3 

115[i  0  .045        59.75         14.2x10 

3 
3.05  .0713      55.93         12.9  >10 

O 

8.17  .0715      65.95        12.5x10 

15.12  .1028      96.07         16.8    ■lO'' 


versus  percent  creej)  on  the  fractured  iireas  (Figures  33  and  34)  have 
ari  initial  decrease  in  value  with  percent  creep,  then  increase  as 
expected.   The  initial  decrease  in  N    and  N   leading  to  these  minima 
is  attributed  to  thiS  close  proximity  of  the  initial  contacts  between 
particles.   These  multiple  contacts  derive  from  the  lumpy,  blackberry- 
shape  of  these  nominally  spherical  surfaces.   V.'ith  small  compressive 
strains,  these  multiple  contacts  coalesce,  initially  deci'easing  both 

N  ^  and  N     For  smooth  spherical  powders,  the  N    and  X   moasure- 
Lf      Af  b  t       Ai 

ments  on  the  fractured  surfaces  would  be  expected  to  increase  with 

increasing  creep  from  the  ouLset. 

A  series  of  A   measurements  was  m.ade  on  sam.ples  m.ade  from 
Af 

different  size  fractions  of  powder  at  various  densities.   Figure  35 

shows  the  results  of  these  A    measurements  plotted  versus  V  porosity. 

Tiie  specific  A  ,  values  m.ay  be  foinid  in  Table  5,   It  is  clear  fi'om 

these  curves  that  A  ^  is  sensitive  to  particle  shape,  i.e.,  loose  stack 
Af 

density,  at  low  densities.   The  plots  of  A   for  the  different  particle 
sizes  converge  in  the  range  of  0.3  to  0.2  V   porosity  and  are  identical 
from  0.2  to  0.0  V.  porosity.   These  data  were  used  to  calculate  the 
creep  loads  which  would  give  the  same  normalized  stress  on  the  load 
bearing  areas  of  two  series  of  llSfJ-  creep  samples.   From  the  results 
in  Figures  36  and  37,  tlie  postulate  that  A    is  a  measure  of  load 
bearing  area  is  substantiated.   Severe  distortion  of  the  areas  around 
the  fractures  made  it  difficult  to  distinguish  fracture  from,  distorted 
metal  surrounding  the  fracl:ure  at  density  levels  abo\-e  80';,  dense. 
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Room  temperature  tensile  tests  were  made  on  specimens  of  varying 

densities  and  varying  starting  particle  sizes.   A  plot  of  normalized 

fracture  stress  plotted  versus  V  porosity  may  be  seen  in  Figure  38  [87], 

As  can  be  seen,  the  tensile  strength  of  the  sintered  samples  follows 

A,.,  the  minimal  sample  cross  section  measured  on  the  fracture  surface. 
Af 
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Figure  38.   Normalized  fracture  stress  and  area  fraction  of 

fractured  surface  plotted  against  volume  fraction 
porosity  for  sintered  nickel  tensile  bars. 


CliAPTER  4 


DISCUSSION  OF  RESULTS 


4.1   Description  of  Physical  Aspects 
of  a  Sample  Undergoing  Creep 

This  research  was  performed  with  the  objective  of  gaining  an 
understanding  of  the  nature  of  high  temperature  creep  deformation  of 
porous  sintered  nickel.  To  this  end,  a  general  survey  was  made  with 
particle  size,  temperature,  load,  and  density  as  the  variable  param- 
eters. Quantitative  microscopy  of  polished  sections  and  of  fracture 
svirf  aces  was  used  extensively  to  determine  the  structure  and  geometry  of 
samples  in  the  as  sintered  state  and  to  follow  the  structural  changes 
which  took  place  during  creep  as  a  means  to  provide  insight  into  the 
process  of  creep  in  porous  sintered  nickel. 

The  question  now  arises  as  to  what  happens  to  a  porous  sinter 
body  when  loaded  compressively  at  high  temperature.   With  the  applica- 
tion of  the  load,  the  body  begins  to  deform.   The  first  part  of  this 
deformation  is  simply  the  elastic  response  of  the  sample  to  the  stress 
and  is  not  time  dependent.   Further  deformation  which  is  time  dependent 
(i.e.,  creep)  also  begins  at  the  time  of  loading.   As  the  deformation 
proceeds,  the  energy  state  which  exists  in  the  pore-solid  interface  by 
virtue  of  surface  tension  is  disrupted.   This  disruption  is  the  change 
of  shape  of  this  internal  interface.   The  sample  is  under  a  triaxial 
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compressive  stress  from  surlacc  tension  and  although  the  value  of  the 
force  exerted  by  surface  tension  on  the  sinter  body  may  vary  locally 
according  to  the  Gibbs  equation  for  pressure  across  an  interface; 
eq.  6,   the  net  effect  is  a  hydrostatic  corapression  on  the  sample 
as  a  whole. 

1     1  ^  (6) 


where  AP  is  the  pressure  differential  across  an  interface,  y  is 

the  surface  tension  and  r^  and  r^  are  the  normal  radii  of  curvature 

at  a  point  on  the  surface.   The  application  of  the  external  compressive 

creep  load  alters  this  uniform  compressive  stress  by  increasing  the 

load  on  the  sample  in  the  vertical  direction  and  sample  deformation 

(with  attendant  flattening  of  pores)  changes  the  surface  tension  stress 

pattern  further.   A  model  of  a  spherical  pore  (radius  r)  is  used  to 

illustrate  the  changes  in  stress  distribution  (Figure  39). 

Figure  39,  part  a,  describes  the  stress  from  surface  tension 

as  uniformly  hydrostatic  throughout;  i.e.,  the  curvature  is  equal  at 

all  points.   Part  b  shows  the  change  in  the  state  of  stress  on  the 

material  after  loading,  but  before  pore  deformation.   Tl^ere  is  an 

increase  in  total  force  in  the  vertical  direction  from  the  external 

load,  but  the  forces  from  surface  tension  remain  the  same.   Part  c 

shows  the  pore  deformed  into  an  ellipsoid.   If  the  deformation  has  been 

uniform,  the  three  axes  of  the  ellipsoid  are  now  (r^ ,  x  direction), 

(r  ,  y  direction),  and  (r    z  direction),  with  r   -_  r  >  r     The 
V  2'  ■'  3 

radius  of  curvature  at  point  (0,0,  r.^  is  r^  in  both  the  x-z  and  y-z 
planes.   At  point  (0,r^,0)  the  radii  ox  curvature  are  r^  in  the 
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Figure   39.       I.Iodel    sliowinK    change    in   state   of    stress    of    a    spherical 
pore   from   the    addition   of    an   external    compressive   load. 
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r   in  the  x-y  plane.   Point  (r,0,0)  has  the  sane  radii 
b 

of  curvature  as  point  (0,r,,,0).   The  relative  masnitucles  of  the  radii 


y-z  plane  and  . 


2' 


of  curvature  are   r^  >  r^  >  r^.   The  resulting  surface  tension  forces 
are  then 

"^o.o.rg)  -  v(f;-^  : 

and 

1 


^''(0,r2,0)  =  ^^r^,0,0)  ^  >\r^    r^ 

Since  r   and  r   are  both  smaller  than  r    it  follov.s  that  the  surface 
a      b  ^ 

tension  force  is  greater  at  points  (r_^,0,0)  and  iO,i\^,0)    than  at 
(0,0, r  ).   This  change  in  curvature  causes  a  potential  gradient  dovm 
which  a  net  migration  of  material  can  occur.   Surface  tension  forces 
act  toward  the  center  of  curvature  of  a  surface  and  will  try  to  reduce 
surface  area  (and  total  surface  energy)  by  moving  a  surface  toward  its 
center  of  curvature.   The  potential  gradient  thus  results  in  the  net 
migration  of  material  by  diffusion  to  the  areas  of  high  curvature  from 
the  areas  of  low  curvature. 

This  sintering  action  results  in  the  reduction  of  total  surface 
and  a  reduction  in  the  anisotropy  of  the  surface  as  measured  by  the  R^ 
count.   There  are  then  two  forces  working  against  each  other  in  terms 
of  pore  shape;  the  external  load  causing  the  anisotropy  through  speci- 
men deformation  with  partial  pore  collapse  in  the  cree^p  direction  and 
the  local  diffusion  action  trying  to  make  the  porosity  Isotropic  again. 
Tlie  relative  rates  of  these  two  actions  are  measured  by  the  anisotropy 
of  the  Nj  count  across  the  pore-solid  interface. 
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Compressive  deformation  of  a  porous  body  results  in  densifica- 
tion  through  partial  collapse  of  the  porosity.   There  is  therefore 
not  as  much  barreling  in  a  porous  body  which  undergoes  plastic  deforma- 
tion as  is  found  in  a  solid  body  which  cannot  alter  its  volume  upon  defor- 
mation.  The  densification  effected  upon  a  porous  sinter  body  by  com- 
pressive deformation  is  seen  to  be  generally  slightly  higher  in  high 
temperature  creep  than  in  room  temperature  compression  for  the  same 
amount  of  deformation,  Figure  40. 

4.2   Sintering  Process  in  Creep 

When  a  porous  body  is  held  at  high  temperature,  sintering  is 
expected  to  take  place.   Sintering  phenomena  may  be  divided  into  surface 
changes  and  volume  changes  with  surface  tension  as  the  driving  force  for 
both  changes. 

Early  in  the  sintering  process,  there  is  a  considerable  portion 
of  the  surface  energy  expended  just  in  local  surface  minimization. 
There  is  considerable  densification  in  early  stage  sintering  although 
it  is  not  simply  related  to  the  total  expenditure  of  surface.   As  sinter- 
ing proceeds ,  the  surface  area  reaches  the  minimum  it  can  have  for  the 
given  density  of  the  sample.   From  this  point,  until  isolated  poros-ity 
appears,  there  must  be  densification  for  a  reduction  in  surface  area  to 
be  effected.   At  this  point  in  the  process  all  interparticle  porosity 
is  interconnected  and  the  surface  is  referred  to  as  a  conditional  min- 
imal surface.   This  condition  may  be  thought  of  as  having  the  surface 
stretched  taut  over  the  solid  network.   Densification  occurs  as  pore 
channels  are  pinched  off.   As  soon  as  a  channel  is  eliminated,  the 


93 


20 


18 


16 


14 


12 


10 


Density  change 
f    <^in  80%  dense 
115  [J,  deformed 
at  room  tem- 
^v  perature 


0 


Q  llSp,  1100°C 
Q  115ii  1000°C 
©llSp,  850°C 
Oll5n  900°C 
©  115^1  700°C 

EI  -20p,  1100°C 
[^  -20^i  900°C 
g  -20^1  700°C 

A  30  p,  1100°  C 
A   30|l  700°C 

^   57  n,  1100°C 

A  57  jj,  900°  C 
^   57p,  700°C 


J 


10 


2     3     4     5     6    7     8 
%  Change  in  Density 

Figure  40.   Density  change  undergone  by  80%  dense  creep  samples  at 
various  temperatures  and  varying  amounts  of  creep. 
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surface  springs  back  to  a  new  local  minimal  surface.   This  state  of 
conditional  minimal  surface  is  maintained  until  isolated  porosity 
appears.   Tlie  expenditure  of  surface  energy  is  linearly  related  to 
densif ication,  while  the  system  maintains  this  conditional  minimal 
area  state. 

What  is  the  contribution  of  loose  stack  sintering  to  the  total 
deformation  found  in  a  compressive  creep  test?   Using  the  rate  and 
volume  equations  (equations  1,  2,  and  3  of  Section  3.1),  one  finds  that 
the  shortening  of  a  sample  due  to  loose  stack  sintering  in  these  creep 
tests  is  negligible  in  all  cases  except  in  the  -20ii  (smallest  powder) 
samples  where  it  was  a  small,  but  significant  portion.   As  mentioned 
in  Section  4.1,  sintering  action  in  these  creep  tests  is  primarily 
localized  and  it  attempts  to  take  the  anisotropy  out  of  the  surface 
which  is  undergoing  mechanical  deformation  in  creep.   The  pore  volume 
is  decreased  by  the  creep  deformation  by  collapse  in  the  creep  direc- 
tion.  This  collapse  in  the  vertical  direction  is  the  primary  source  of 
the  anisotropy  in  the  pore  structure. 

The  contribution  of  sintering  in  the  creep  of  sinter  bodies  is 
local  action  involving  particle  size  distances  attempting  to  maintain 
a  minimal  surface,  and  pore  isotropy. 

4.3   Creep 

Creep  rate  of  a  dense  specimen  depends  on  many  factors. 
Composition,  crystal  structure,  and  morphology  of  a  specimen  are 
material  factors  and  temperature,  load,  and  time  are  test  conditions 
which  alter  creep  rate.   Most  samples  in  this  research  have  two  more 
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variables  which  are  particle  size  and  sample  density.   Tlie  following 
discussion  is  concerned  with  the  effects  of  particle  size,  temperature, 
density  and  stress  on  the  creep  of  porous  nickel  samples. 

4.3.1   Particle  Size  Effect 

It  was  found  that  the  particle  size  from  which  a  porous  sample 

was  made  has  a  large  effect  on  creep  rate.   It  was  always  found  that  the 

finer  the  powder  from  which  a  porous  sample  was  made,  the  more  the  sample 

would  creep  under  a  given  set  of  conditions.   It  might  at  first  be 

supposed  that  the  difference  in  creep  rates  might  be  explained  by  the 

faster  sintering  rates  of  the  samples  made  from  the  finer  powders. 

Reference  to  the  AL/L  /hr  values  in  Table  2  show  that  the  sintering 
o 

rates  of  the  different  powders  are  far  too  slow  to  make  the  magnitude 
of  difference  seen  in  these  tests.   From  the  chemical  analyses  of  the 
powder  lots  received,  it  is  known  that  the  purity  of  the  powder  decreased 
with  decreasing  particle  size.   Wlien  100%  dense  samples  made  from  the 
different  particle  sizes  were  tested,  it  was  found  that  the  finer  the 
particle  size  from  which  a  sample  was  made,  the  less  it  crept!   This 
result  is  believed  to  come  from  the  purity  effect  as  these  samples  are 
geometrically  identical.   That  is,  with  the  elimination  of  internal 
porosity,  there  cannot  be  any  sintering  phenomena  operating.   On  the 
other  hand,  the  higher  creep  rate  of  fine  particle  specimens  at  signif- 
icant porosity  levels  (80%  dense  and  less)  must  be  the  result  of  a 
phenomenon  characteristic  of  the  size  of  the  particles  from  which  the 
samples  were  made  and  which  has  much  stronger  and  opposite  effect  on 
creep  than  the  purity  difference.   Further  discussion  of  the  particle 
size  effect  follows  in  Section  4.4. 
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4.3.2   Temperature  Dependence 

The  temperature  dependence  of  creep  is  generally  found  to  be  of 
the  Arrhenius  type.   From  the  Arrhenius  temperature  dependence  it  is 
commonly  found  that  high  temperature  creep  activation  energies  are 
equal  to  the  activation  energy  for  self-diffusion  in  fully  dense  mate- 
rials.  This  is  usually  taken  to  signify  that  the  ultimate  controlling 
mechanism  is  diffusion.   Activation  energy  may  also  vary  v.ith  temper- 
ature [48].   In  nickel,  the  activation  energy  for  creep  has  been  found 
to  decrease  the  self-diffusion  activation  energy  of  66.5  kcal/mole  as 
the  temperature  decreases  below  700°C  and  approaches  23  kcal/mole  at 
500°C  [48].   Seeger  [88]  reports  that  an  activation  energy  of  about 
1  ev  (23  kcal/mole)  is  characteristic  of  dislocation  intersection  in 

nickel. 

In  these  experiments,  the  exact  nature  of  the  temperature 
dependence  was  difficult  to  determine  as  the  creep  apparatus  was  not 
capable  of  fast  temperature  cycling.   The  activation  energy  analysis 
was  therefore  performed  on  separate  samples  that  had  the  same  particle 
size,  starting  density,  and  load,  but  were  crept  at  different  temper- 
atures.  To  have  the  samples  as  structurally  similar  as  possible,  the 
analysis  was  performed,  using  the  creep  rates  at  equal  amounts  of  creep. 
The  creep  activation  energies  found  for  the  llS^i  particle  size  samples 
were  generally  in  the  range  of  23  to  40  kcal/mole  which  is  suggestive 
of  dislocation  intersection. 

As  an  Arrhenius  temperature  dependence  implies,  the  creep  rate 
is  very  sensitive  to  temperature  and  increases  with  increasing  temper- 
ature. ' 
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4.3.3   Density  Effect 

As  a  sinter  body  densifies,  the  amount  of  metal  per  unit  cross 

section  increases.   For  this  reason,  for  a  given  external  load,  tlie 

unit  stress  on  the  load  supporting  cross  section  is  reduced  the  denser 

the  specimen  and  less  creep  occurs.   The  average  cross  section  of 

a  porous  body,  A  ,  increases  linearly  with  increase  in  density.   This 

average  cross  section  is  in  fact  a  direct  measure  of  the  density.   If  a 

sample  is  60%  dense,  then  the  A   is  .6,  at  80%  dense,  A^  =  .8,  and 

at  100%  density,  A  =1.   Another  cross  section  found  useful  in  this 
J  '   A 

research  has  been  A  „.   This  is  considered  to  be  the  average  minimal 

cross  section  in  a  porous  body  and  is  measured  by  taking  an  A^  count  of 

the  fracture  areas  exposed  when  a  sample  is  fractured  in  tension. 

A   does  not  increase  linearly  with  increase  in  density  and  depends 

upon  the  original  stacking  of  the  loose  powder.   The  density  at  which 

a  given  particle  size  stacks  when  poured  into  a  mold  depends  upon  the 

particle  shape.   The  more  regular  the  particle  (spherical),  the  higher 

the  loose  stack  density.   Thus  the  difference  in  loose  stack  density 

found  in  this  research  is  a  result  of  the  smaller  particles  being  more 

irregular  than  the  larger  particles.   The  finer  particles,  i.e.,  -20|j,, 

also  do  not  appear  to  be  as  "filled  in"  as  the  115 (i  powders.   The 

density  from  which  A,^,  begins  to  increase  with  sintering  from  approx- 
•'  A± 

imately  zero  is  the  loose  stack  density,  regardless  of  what  that  loose 
stack  density  is.  The  rate  of  increase  of  A  with  increasing  sinter- 
ing densification  is  slow  as  the  sample  starts  densifying  and  the  rate 
increases  as  densification  continues  until  the  density  for  which  this 
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particle  shape  (and  stacking)  reaches  its  minimal  surface  area  configu- 
ration.  This  minimal  area  configuration  is  reached  when  the  A^_^  of  a 
sample  intersects  the  A   versus  density  line  that  is  representative 
of  a  sample  which  had  its  particles  most  densely  stacked  in  the  loose 
stack  condition,  i.e.,  a  sample  of  smooth,  spherical  particles.   In 
this  research,  the  115\i   particles  closely  approximate  spheres  and  normal 
spherical  stacking.   Thus  it  is  seen  that  the  A^_^s  of  the  smaller,  more 
irregular  powder  samples  approach  the  115[i  A^^  versus  density  line  and 
are  identical  to  this  115^  A^^  line  as  the  samples  of  the  smaller  size 
fractions  continue  to  densify  past  the  point  of  juncture.   A  result  of 
this  factor  is  that  the  A   of  a  sample  of  a  smaller  size  fraction 
(in  this  research)  is  always  equal  to  or  larger  than  the  A^^  of  a  sample 
from  a  larger  size  fraction. 

A   has  been  found  to  be  a  measure  of  the  load  supporting 

Af 

area  in  tensile  tests.   If  the  stress  is  reversed  to  a  compressive 
test  the  area  supporting  the  load  should  be  the  same.   It  follows 
then  that  for  small  deformations,  in  which  the  load  bearing  area  A^^ 
does  not  significantly  change,  A^^  should  be  predictive  in  compres- 
sion.  That  this  has  been  found  for  115)0,  samples  is  discussed  in  the 
next  section. 

4.3.4   Stress  Effect 

The  stress  effect  is  such  that  an  increase  in  stress  produces 
an  increase  in  creep  rate.   The  stress,  a,    listed  for  a  given  test  is 
the  stress  on  the  gross  sample  cross  section.   To  find  the  true  maximum 
stress  on  the  minimal  cross  section,  one  must  divide  the  listed  sample 
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stress  by  the  A  of  the  sample.  The  creep  stress  is  the  highest  on 
the  minimal  cross  section;  therefore,  most  of  the  creep  deformation 
is  concentrated  there,  as  strain  rate  is  proportional  to  a  where  n 
is  usually  3  to  6.  All  creep  tests  were  constant  load  tests.  This 
condition  leads  to  a  monotonically  decreasing  effective  stress  from 
the  outset  of  creep. 

In  coarse  size  fraction  (llSiJ,)  ,  the  load  and  density  effects 
could  be  combined  into  a  single  term  of  the  use  of  the  A   measurement 


at  a  particular  density.   Using  the  effective  stress,  a.       ,    on  the 

\f 
minimal  cross  section  of  the  115ii  samples,  the  creep  rate  remained  the 


same  regardless  of  starting  density.   For  example,  an  80%  dense  sample 
made  from  115^  powder  has  an  A   of  0.331.   In  this  case  cr    =  ^  ^^^ 

=  approximately  3cr.   At  100%  density,  ct    =  -—  =  a  .   The  postulate 

^Af    •- 
was  made  that  the  area  represented  by  A   is  the  true  load  bearing 

area  in  a  porous  sintered  sample.   If  this  postulate  is  valid,  then 

a  creep  load  of  -^  on  an  80%  dense  sample  will  produce  the  same  creep 

as  a  load  of  ct  on  a  100%  dense  sample.   There  are  further  requirements 

which  must  also  be  met  for  the  creep  of  the  80%  and  100%  dense  samples 

to  be  equal.   They  are: 

1.  The  samples  must  be  metallurgically  stable  (no  grain  growth, 
etc.)  throughout  the  test. 

2.  Densif ication  of  the  porous  sample  due  to  loose  stack  sinter- 
ing must  be  negligible  during   the  test. 

3.  Creep  must  not  be  affected  by  the  scale  of  the  system  (grain 
size,  subgrain  size,  or  proximity  of  surface)  over  the  range 
of  densities  involved. 
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The  results  of  creep  tests  on  two  series  of  115^l  samples  at  varying 
densities  with  a    constant  may  be  seen  in  Fig-ures  36  and  37. 
Although  there  is  scatter  in  the  results,  the  agreement  is  close  and 
justifies  the  postulate  that  the  A^^  of  a  sintered  sample  is  the  load 
bearing  area. 

As  these  tests  are  constant  load  tests,  the  stress  on  A^  is 

continually  decreasing.   As  creep  proceeds  the  a,    must  decrease  pro- 

^Af 
portionally  on  samples  of  all  densities  as  the  A^^^  increases.   In  the 

100%  dense  sample,  the  increase  in  cross-section  is  all  barreling, 

whereas  in  a  porous  sample,  the  A^^  increases  as  well  as  the  gross 

sample  cross-section.   The  total  load  supporting  cross-section,  A^a, 

where  a  is  the  gross  sample  cross-section,  must  increase  proportionally 

in  the  samples  of  all  densities  to  keep  the  a    equal  on  all  samples  as 

^Af 
creep  proceeds.   If  this  increase  were  not  proportional,  the  c  on  the 

Af 
different  samples  would  be  different  as  would  the  resulting  creep  rates 

and  the  total  creep  in  a  given  time. 

4. 4   Specimen  Examination 

Metallographic  examination  of  115^  samples  that  have  undergone 
creep  shows  virtually  no  variation  in  the  makeup  of  the  particles  in  the 
density  range  of  60%  to  80%.   The  particles  have  internal  porosity  and 
5  to  7  grains  on  a  polished  cross  section.   Numerous  annealing  twins 
are  present  as  well  as  occasional  serrated  grain  boundaries.   The  100%. 
115ii  samples  had  grain  diameters  up  to  1  mm  to  3  mm  or  roughly  the  same 
diameter  as  a  1/8-inch  diameter  creep  sample.   The  observation  of  no 
effect  on  creep  of  115|i  particle  size  samples  of  a  variation  in  grain 
size  from  roughly  40 ti  diameter  as  seen  in  samples  where  particle  identity 
is  retained,  to  lOOOy,  to  SOOOji,  grain  diameter  means  that  the  creep 


101 


mechanism  is  not  structure  sensitive,  i.e.,  grain  size  sensitive,  in 
this  size  range. 

The  effect  of  particle  size  on  creep  shows  that  the  scale  of 
the  system  is  of  importance  when  there  is  a  significant  porosity  level. 
The  degree  of  the  effect  is  small  until  a  critical  size  range  is 
reached.   For  instance,  Figure  14  shows  the  creep  curves  of  80%  dense 
samples  tested  under  500  P.S.I,  at  1100°C  for  four  different  particle 
sizes.   It  can  be  seen  that  there  is  only  a  small  size  effect  on  creep 
between  the  115m.  and  the  30 p,  samples.   Tliere  is  almost  a  factor  of 
4  difference  in  the  average  particle  diameter  which  produces  only 
a  factor  of  1.25  difference  in  total  creep  in  2  hours.   If  one  now 
compares  the  30 (i  sample  with  the  -20^  (11m.  average)  where  there  is  only 
a  factor  of  three  difference  in  diameter,  one  sees  that  the  -20m- 
sample  has  crept  2.2  times  as  much  as  the  30|^  sample.   Obviously,  the 
scale  of  the  system  is  much  more  important  in  this  particle  size  range 
than  in  the  size  range  of  30m.  to  115m.   I*  has  previously  been  shown 
that  at  lOOfo  density,  the  creep  rate  varies  directly  with  the  particle 
size  from  which  the  samples  were  made,  Figure  16b.   From  these  two 
observations  (creep  at  100%  density  and  creep  at  80%  density) ,  one 

would  expect  to  find  creep  at  constant  a^   to  be  density  dependent 

Af 
in  samples  made  from  the  STp.,  30m,  and  -20m  powders.   The  strongest 

dependency  should  be  fovmd  with  samples  made  from  the  -20m  powder. 

To  check  the  density  effect  on  creep  in  this  size  fraction,  samples 

of  60%,  70%,  80%,  and  100%  density  were  crept  with  different  starting 

loads  which  produced  a  a.        of  1500  P.S.I,  in  each  sample.   The  results 

in  Figure  41  show  an  extreme  sensitivity  to  density. 


102 


o 


<^    0  <]     E 


< 


O 


o 


□ 


<3         □ 


oo 


0 

o     <a 

0  <3 
<^     O     O       /s  ®^ 


O  <3> 


o  S 


o 


da  a  JO  % 


103 


An  explanation  of  the  particle  size  effect  is  based  on 
dislocation  motion  and  stoppage.   First,  consider  the  deformation  of 
a  dense,  polycrystalline  piece  of  metal  where  dislocation  glide  is 
the  method  of  deformation  and  dislocation  accumulation  is  the  strength- 
ening mechanism.   Next,  consider  the  effect  of  grain  boundaries  and 
subgrain  boundaries  on  the  movement  of  dislocations.   Grain  and  sub- 
grain  boundaries  are  lattice  discontinuities  through  which  dislocations 
often  penetrate  with  much  difficulty;  therefore,  dislocations  accumu- 
late behind  them.   As  grain  size  decreases,  grain  boundary  area  increases 
and  a  dislocation  travels  a  shorter  distance  before  encountering  a 
boundary,  thus  the  common  observance  of  increased  strength  and  creep 
resistance  with  a  decrease  in  grain  size.   Now  im.agine  this  polycrys- 
talline piece  of  metal  pulled  apart  at  the  gr^in  boundaries  ^nd  the 
effect  these  boundaries  would  now  have  on  stopping  dislocation  movement. 
When  dislocations  reach  a  grain  boundary  and  the  boundary  is  not 
restrained  by  another  grain  or  oxide,  the  dislocation  may  put  a  step 
in  the  surface,  thereby  leaving  the  interior  of  the  grain.   This  results 
in  negligible  strengthening  of  the  crystal.   Relate  this  analysis  to 
the  structure  of  a  porous  sinter  body.   If  the  particle  size  from  which 
the  sinter  body  is  made  is  large  compared  to  the  grain  or  subgrain  size, 
then  the  probability  of  a  dislocation  being  caught  by  an  interior  bound- 
ary of  the  particle  and  causing  hardening  or  strengthening  is  much 
higher  than  the  probability  of  the  dislocation  traveling  to  the  pore- 
solid  interface  and  escaping  as  a  step  on  the  surface.   As  a  sinter  body 
densifies,  the  average  distance  a  dislocation  would  have  to  travel  before 
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reaching  a  free  surface  (pore-solid  interface)  increases.   In  the  case 
of  the  particle  size  being  large  compared  to  the  grain  or  subgrain  size 
so  that  the  dislocations  are  already  caught  inside  the  particle,  this 
increase  in  average  distance  is  of  no  consequence.   Such  is  the  case 
with  the  115(j,  samples  where  there  is  a  large  amount  of  intraparticle 
boundary.   If  however,  the  particle  size  is  small  enough  for  an  active 
dislocation  to  have  a  high  probability  of  reaching  the  pore-solid  inter- 
face, then  densif ication  with  the  attendant  average  increase  in  dis- 
tance a  dislocation  must  travel  to  reach  a  free  surface  would  increase 
the  probability  of  the  dislocation  being  trapped  in  the  solid.   Such 
is  the  case  with  the  -20^i.  (lip,  average)  samples.   As  the  -20\i   particle 
size  samples  densify,  they  approach  the  same  situation  as  found  in  the 
large  particle  size  samples  and  at  100%  density,,  the  two  are  geometri- 
cally identical.   A  comparison  of  the  creep  of  the  lOOfc  dense  samples 
made  from  115 |j,  and  -20 [j,  powders  in  Figure  41  show  this.  The  two  inter- 
mediate particle  sizes,  30|i  and  57|i,  are  intermediate  cases  between  the 
two  extremes.   Metallographic  examination  of  -20^  samples  revealed  that 
the  particle  were  either  single  crystals  or  bicrystals  and  3\i   to  15|j, 
in  size,  which  is  the  size  generally  reported  for  subgrain  in  hot  worked 
and  crept  nickel  [35,89]. 

4 .  5   Quantitative  Microscopy  in 
the  Creep  of  Sinter  Bodies 

Many  quantitative  microscopy  data  were  taken  in  the  course  of 
this  work.   These  measurements  included  A^^  (area  fraction),  S^  (surface 
area/unit  volume),  M^  (total  curvavure) ,  H  (average  mean  curvature) 
and  I    (mean  pore  intercept)  on  polished  sections,  and  A^^  (area 
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Figure  42.   Creep  curves  of  100%  dense,  -20 p,  and  115 |j,  samples 
at  1100°C  and  1500  P.S.I. 
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fraction  of  fracture  surface) ,  N    (number  of  intersections  on  fracture 

surface 'unit  length  of  test  line)  and  N    (number  of  fractures/unit 

area)  on  fracture  surfaces.   The  line  intercept  count,  N  ,  was  the 

most  widely  studied  of  the  measurements  on  the  polished  sections. 

The  N  count  is  related  to  S   by  the  equation  N  =  —  S  .   S  ,  surface 
Li  V  Ij    ^  V      V 

area/unit  volume,  was  used  as  one  indicator  of  how  the  creep  process 

affected  the  amount  of  internal  surface  in  a  sinter  body.   The  S  val- 

•'        V 

ues  were  determined  for  the  115(i,  57  n,  and  30u.  powder  samples  at  var- 
ious densities  in  the  as-sintered  condition  (unciept).   These  "standard" 
values  were  then  compared  with  tlie  S  ^  values  obtained  from  samples 
which  had  undergone  creep.   In  loose  stack  sintering,  there  is  a  linear 
correlation  betw^een  S   and  V  once  second  stage  sintering  and  the  con- 
ditional iiiinimal  suiface  condition  Lf!ve  been  reached.   The  effect  of 

creep  was  to  increase  the  value  of  S   over  that  which  would  be  asso- 

V 

ciated  with  loose  stack  sintering,  Figure  30.   Sintering  phenomena, 
especially  surface  rounding,  continually  strive  to  bring  the  surface 
area  back  to  the  balance  line,  the  S  -V   equilibrium  line.   The  N 
count  from  which  the  S   calculation  is  made  has  been  used  to  measure 
the  distortion  in  the  pore-solid  interface  left  by  the  creep  process. 
Rather  than  taking  the  N   counts  randomly  on  the  polished  sections  of 
creep  samples,  the  counts  were  made  parallel  to  and  at  90  degrees  to 
the  creep  direction.   The  ratio  of  these  two  measurements  has  been 
designated  by  the  term  QN  ,  N   (transverse  direction) /N   (longitudinal 

L      Li  Li 

direction).   For  a  loose  stack  sintered  sample  which  has  not  undergone 
creep,  QN  =  1.   For  crept  samples,  fiN  <  1. 
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For  the  porous  nickel  used  in  this  research,  the  compressive 
deformation  is  thought  of  as  consisting  of  three  parts.   Part  of  the 
overall  study  has  been  to  separate  and  quantify  these  parts.   The  first 
part,  called  normal  creep,  is  the  creep  which  takes  place  with  no  influ- 
ence from  sintering  phenomena.   This  creep  is  similar  to  that  found  in 
fully  dense  material,  but  is  nevertheless  tied  to  the  geometry  of  the 
porous  structure.   The  anisotropy  of  the  N   count,  .QN^,  is  taken  as 
the  measure  of  this  creep.   This  measurement  reveals  the  degree  of 
flattening  of  the  internal  porosity  of  a  creep  sample  in  the  creep 
direction.   This  flattening  is  purely  mechanical  and  would  be  expected 
to  be  maximized  when  deformation  takes  place  under  conditions  where 
thermal  readjustment  of  internal  surface  is  minimal.   The  second  por- 
tion of  the  total  deformation  is  the  shrinkage  of  the  sample  attrib- 
utable to  loose  stack  sintering.   This  is  the  dimensional  change  in 
the  creep  direction  which  the  sample  would  undergo  due  to  normal  sinter- 
ing (no  load)  at  the  test  temperature  for  the  time  of  the  test.   This 
length  change  may  be  calculated  using  equations  1,  2,  and  3  of 
Section  3.1.   The  third  portion  of  the  total  sample  deformation  is 
attributed  to  the  fact  that  the  creep  stress  is  acting  on  a  porous 
body  rather  than  on  a  fully  dense  bulk  sample.   This  portion  is  referred 
to  as  stress  assisted  sintering.   Stress  assisted  sintering  results  from 
the  fact  that  the  creep  process  results  in  more  than  the  equilibrium 
amount  of  surface  that  a  sinter  body  of  a  given  particle  size,  genus, 
and  density  were  obtained  through  loose  stack  sintering  and  the  fact 
that  the  porosity  has  been  made  anisotropic.   Local  sintering  action 
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attempts  to  return  the  sample  to  the  minimal  surface  and  remove  the 

anisotropy  put  in  by  the  purely  mechanical  creep. 

A  simple  model  was  devised  for  tlie  analysis  of  the  different 

parts  that  make  up  the  total  creep  deformation  of  a  porous  sinter  body. 

In  this  model,  the  porosity  lias  been  segregated  to  one  end,  Figure  42a. 

Figure  42b  shows  the  model  divided  into  the  various  components  of 

deformation  under  study.   The  notation  is  as  follows: 

L  -    sample  length  before  creep  test 
o 

L  -   sample  length  after  creep  test 

h  ,  =  height  of  pore  before  creep  test  =  L  (1-%  o   „    ) 
pb  o      before 

h   =  height  of  pore  after  creep  test  =  L  (1-%  o      ) 
pa  after 

h  -   height  of  metal  =  L  (%  D ) 
m  o   "^ 

1j   -  heiglit  lost  in  test  due  to  noi-inal  creep  px'ocesses 
an      ^  ri---) 

as  measured  by  anisotropv  of   N  =  h — 

L     pa   Q 

h   =  height  lost  due  to  loose  stack  sintering  densif ication 
us 

h   =  height  lost  in  test  due  to  stress  assisted  sintering 
as  •  ° 

h=h^-h-h-h. 
as    pb    pa    an    us 

This  model  is  used  as  a  method  of  following  the  anisotropy  of  the 

pore  shape  and  h    and  h    should  not  be  taken  as  the  actual  percent- 
an      as 

ages  of  the  total  deformation  undergone  by  a  porous  creep  sample. 

The  results  of  this  analysis  are  found  in  Table  6.   This  anal- 
ysis has  shown  that  for  the  IISll  particle  size  sample,  h    is 

'   '   us 

negligible  and     the   total  creep  may  be  thought  of  as  consisting 

of  h    and  h   .   Figure  43  is  a  plot  of  the  percent  total  creep  versus 

an      as  ^  ^ 

the  percent  of  the  total  calculated  to  be  activated  sintering.   There  is 


109 


(a) 


7TA- 


pD 


L  :i'_ 


Pore  after  test 


Metal 


V'   an 
~y^    us 


pa 


(b) 


Figure  43.   Model  used  in  the  analysis  of  creep  and 
stress  assisted  sintering. 
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Table 


6.   Calculations  of  the  components  of  the  stress  activated 
sintering  model. 


C21 
C22 
C25 
C26 
C30 
C31 
C39 
C40 
C41 
C48 
C49 
C50 
C51 
B54 
C55 


Temp. 
1100° C 


900°  C 


84.6 
85.1 
75.8 
75.4 
80.0 
80.0 
70.0 
69.9 
69.7 
69.9 
79,7 
80.0 
80.0 
79.5 
79.9 


-20(1  105      1100°C     60.17 
-20^L  108       "         79.5 


after 

L 
o 

L 

%b 

88.2 

.2950 

,2601 

.04543 

89.4 

.3507 

.3413 

,05345 

79.8 

,3992 

.3404 

.09661 

79.9 

.3972 

.3473 

.09771 

87.3 

,3334 

.2932 

.06668 

86.2 

.3715 

,3340 

.0743 

77.9 

,4740 

.4150 

.1422 

76.7 

.4163 

.3702 

.1253 

76,4 

.3685 

.3150 

.lllF 

74.1 

.3967 

..3737 

.11941 

81.25 

.3860 

.3709 

.07836 

87.48 

.3145 

,2904 

.0629 

88.03 

.3496 

.2674 

.06992 

81.4 

,3452 

,3345 

.07076( 

85.02 

.3338 

,2800 

.06709 

69.  98 

.5474 

.4400 

.2180 

84.66 

.3231 

.2784 

.06624 

Table   6       (Extended) 
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c 

time 

h 
pa 

h 

m 

h 
an 

h 
us 

h 
as 

o 

Creep 

(min) 

.03069 

.24957 

.00389 

-6 
5.6  xlO 

.01085 

1000 

12.  5 

300 

.03618 

.30525 

.000503 

" 

.01677 

500 

5.25 

1096 

.06876 

.30259 

.00604 

" 

.02181 

1000 

15.5 

21 

.06981 

.29949 

.00477 

" 

.02313 

500 

13.39 

120 

.03724 

.26672 

.00918 

" 

.02026 

1000 

13.09 

60 

.04609 

.2972 

.00582 

" 

.02239 

500 

10.96 

534 

.09172 

.3318 

.00601 

" 

.04447 

500 

13.4 

120 

.08626 

.29099 

.001465 

" 

.03757 

250 

12.05 

420 

.07434 

.2568 

.00386 

" 

.0335 

1000 

15.32 

10 

.09679 

.2773 

.002696 

" 

.01992 

1000 

6.18 

60 

,06954 

.3076 

.002299 

" 

.00652 

500 

4.19 

2730 

.03636 

.2516 

.006802 

" 

.01934 

2000 

8.17 

54 

. 03201 

.27968 

.008535 

" 

.02938 

4000 

22.14 

6 

.0622217 

. 274434 

.002299 

" 

.006319 

1000 

3.82 

120 

.04194 

.26671 

.008396 

" 

.01675 

4000 

17.23 

6 

.13389 

.3293 

.007214 

.0016 

.0753 

292.5 

18.05 

10 

.04271 

.2569 

.001204 

.001315 

.02101 

517 

15.22 

120 
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Figure  44. 
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Total  creep  in  test  versus  percent  calculated 
from  the  model  to  be  stress  activated  sintering. 
Sample  numbers  and  corresponding  loads  (P.S.I,) 
are  given. 
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a  striation  of  the  data  according  to  the  starting  density  of  the  samples. 
This  striation  of  the  1100°C,  Hop,  data  with  density  shows  that  at 
a  given  total  creep,   the  portion  of  tlie  total  creep  w]iich  is  attrib- 
uted to  activated  sintering  is  larger  the  lower  the  density.   Tlie  data 
are  further  ordered  within  each  density  according  to  the  time  of  test- 
ing and  load.   For  a  given  starting  density,  the  lower  the  load  and 
longer  the  test  time,  the  larger  the  percentage  of  creep  attribvited  to 
stress  activated  sintering.   Figure  44  is  a  plot  of  the  same  samples 
with  time  of  creep  testing  plotted  versus  percent  of  total  creep 

attributed  to  activated  sintering.   With  h   =0,  one  has  only  the  two 

us     '  •' 

remaining  parts  to  add  up  to  the  total  creep;  namely,  the  normal  creep 

as  measured  by  the  anisotropy  of  the  porosity,  h   ,  and  the  stress 

an 

activated  sintering,  h   .   Any  test  condition  which  w'ould  reduce  the 
as 

anisotropy  of  the  porosity  w^ould  necessarily  increase  the  share  of 
the  total  creep  attributed  to  activated  sintering  because  the  calcu- 
lation of  activated  sintering  is  done  by  difference.   Although  the 
time,  temperature,  and  particle  sizes  involved  in  these  tests  are  such 
that  sample  length  changes  due  to  loose  stack  sintering  are  negligible, 
local  rounding  takes  place  with  surface  diffusion.   The  longer  times 
involved  with  creep  testing  at  the  smaller  stresses  result  in  a  loss 
of  anisotropy  as  measured  after  the  test.   This  loss  of  anisoti'opy 
would  then  be  seen  as  stress  activated  sintering.   There  is  further 
evidence  of  the  density  sensitivity  of  activated  sintering.   Take  the 
following  pairs  of  samples  (C25,  75%  dense,  21  min,  and  C41  70%  dense, 
10  min),  (C26,  75%  dense,  120  min  and  C39 ,  70%  dense,  130  min),  and 
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Figure  45.   Total  time  of  test  versus  %  h   as  calculated  from 
the  model. 
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(C31,  80%  dense,  534  min  and  C'lO,  TC;  dense,  420  min)  ,  Figure  45, 
and  observe  that  in  each  case,  tlie  percentage  of  activated  sintering 
is  greater  in  the  lower  density  sample,  althougli  tlie  times  involved 
are  equal  to  or  s]iorter  than  in  the  higher  density  samples. 

4,6   Summary 

All  of  the  pertinent  points  of  the  research  have  been  discussed 
separately  in  the  previous  sections  of  this  chapter.  The  general  prin- 
ciples learned  from  these  observations  will  now  be  discussed. 

High  temperature  creep  of  porous  nickel  has  shown  that  sinter- 
ing as  a  densif ication  mechanism  per  se  does  not  contribute  signif- 
icantly to  the  deformation  found  in  these  creep  experiments.   Sinter- 
ing does,  however,  command  a  prominent  position  in  maintaining  the 
internal  structure  of  a  porous  creep  sample.   As  the  creep  load  contin- 
uously deforms  a  specimen,  local  sintering  forces  continuously  strive 
to  return  the  structure  to  an  isotropic,  minimal,  surface  area  state  as 
is  found  in  a  loose  stack  sintered  sample.   The  structure  of  a  creep 
sample  after  a  test  is  such  that  it  appears  to  have  had  an  extremely 
large  surface  tension  in  operation,  causing  the  densif ication. 
Although  the  internal  structure  of  a  creep  sample  appears  as  though 
the  creep  load  has  been  transformed  into  a  triaxial  compressive  force, 
the  nearness  of  the  internal  shape  to  isotropy  is  in  fact  due  to  local 
pore  shape  change.   The  significance  of  this  maintenance  of  isotropy 
from  the  standpoint  of  creep  deformation  lies  in  the  load  bearing  area 
of  the  sample.   The  local  sintering  effect  strives  to  maintain  the 
minimal  load  bearing  cross  section,  A   ,  in  a  sample  undergoing 
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creep.   This  means  that  to  the  extent  to  which  the  local  sintering 

maintains  the  minimal  cross-sectional  area  as  a  specimen  densities  in 

creep,  the  creep  load  is  resisted  by  tlie  minimal  amount  of  cross  section 

possible  at  a  given  density. 

As  the  starting  density  of  a  sample  increases,  the  creep  rate 

for  a  given  temperature  and  load  decreases.   Tliis  follows  from  the 

fact  that  there  is  more  cross-sectional  area  resisting  the  creep  load 

resulting  in  a  lower  unit  stress.   Likewise,  an  increase  i'n  creep  load 

increases  the  creep  rate  for  a  given  temperature  and  density  because 

the  unit  stress  on  the  load  bearing  area  is  increased.   The  increase 

in  creep  with  increase  in  temperature  is  consistent  with  a  general 

weakening  of  material,  making  it  less  resistant  to  deformation.   This 

weakening  is  from  faster  recovery  and  lower  modulus.   The  amount  of 

anisotropy  of  pore  outline  left  in  a  creep  sample  after  a  creep  test 

shows  that  the  denser  the  sample  is,  the  more  anisotropy  remains. 

The  reason  for  this  fact  is  that  the  deformation  is  not  as  confined 

to  the  A   cross  section  as  in  lower  densities  and  thus  the  disrup- 
Af 

tion  of  the  pore  shape  is  not  as  localized  as  in  a  low  density  sample. 
The  local  potential  gradient  for  diffusion  is  not  as  large,  making 
the  process  slower.   The  deformation  is  more  widespread  in  a  high 
density  sample,  a  fact  which  increases  diffusion  distances.   The 
distances  involved  in  the  redistribution  of  surface  are  also  a  factor 
in  the  rate  at  which  the  pore-solid  interface  approaches  isotropy  or 
keeps  from  being  totally  flattened  in  a  test.   This  means  that  the 
shorter  the  distance  over  which  diffusion  must  occur  to  change  the 
shape,  the  faster  the  shape  can  change.   As  there  is  a  factor  of  10 
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difference  in  average  particle  size  between  the  115^i  and  the  -20^, 
specimens,  it  is  easily  seen  why  a  much  smaller  amount  of  anisotropy 
remains  in  a  -20u  sample  after  a  test  than  in  a  comparable  sample 
of  the  115u  size  fraction.   The  increase  in  total  load  bearing  cross 
section  in  115^  samples  of  the  various  densities  is  proportional  with 
creep  for  the  small  amounts  of  creep  in  the  tests  in  which  the  dependence 
of  creep  on  minimal  load  bearing  area  was  checked.   The  apparent  lack  of 
dependence  of  creep  on  load  bearing  area  in  the  -20^  samples  of  varying 
densities  is  due  to  two  factors.   First,  the  nature  of  the  deformation 
(movement  of  dislocations)  changes  as  density  changes  and  second,  the 
change  in  load  bearing  area  with  creep-induced  densif ication  is  not  as 
severe  in  the  60%  to  80%  density  range  as  in  the  lloji,  samples.   That  is, 
the  slope  of  the  A  ,  plot  versus  density  is  not  as  large  for  the  -20p, 

Af 

as  for  the  115^  particle  size  samples.   Thus,  one  could  have  a  larger 
creep  and  creep-induced  densif  ication  in  a  -20(i  sample  than  in  a  115|i, 
sample  and  not  have  decreased  the  load  on  the  minimum  cross  section  as 
much  as  on  the  minimum  cross  section  of  a  115p,  sample. 

The  dependence  of  tensile  strength  on  density  has  been  found  to 
be  a  function  of  A   which  is  itself  dependent  upon  the  particle  shape 
and  the  original  loose  stack  density  from  which  sintering  began 
(Figure  35).   The  reason  for  the  particular  dependence  of  strength  on 
density  in  sinter  bodies  can  now  be  understood  in  the  light  of  this 
minimal  cross  section,  A   . 

In  the  density  region  from  80%  to  100%  density,  all  loose  stack 
sinter  bodies  have  the  same  A   .   The  change  in  A^  with  density  in  this 
region  can  also  be  considered  to  be  linear  with  density. 
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That  A   can  be  approximated  by  a  straight  line  is  not  surpris- 
ing in  light  of  the  knowledge  that  many  other  quantitative  mici-oscopic 
quantities  are  also  linear  in  this  region. 

The  path  of  the  change  of  A   with  density  is  surface  tension 
controlled  just  as  are  the  quantitative  microscopic  quantities  of  S  , 
M^,  H,  and  genus.   An  important  aspect  of  this  linearity  of  A   in  this 
region  is  that  A   is  entirely  independent  of  starting  particle  size  or 
original  stacking.   This  can  be  useful  from  an  engineering  standpoint 
in  that  one  only  needs  to  know  the  bulk  tensile  strength  of  a  solid 
piece  of  like  material  to  be  able  to  predict  the  strength  of  a  sinter 
body  in  this  density  region.   Ultimate  tensile  strength  has  been  shown 
to  be  directly  related  to  A   for  nickel  [87],  Figure  38,  and  copper 
[99,91],   Modul'.'.s  data  for  a  large  variety  of  iron  and  steel  sinter 
bodies  [92]  also  follow  the  same  curve. 

The  relationship  obtained  between  amount  of  porosity  and  tensile 
strength  can  be  formulated  simply  from  the  slope  of  the  A   line  in  the 
80%  to  100%  dense  region.   The  strength  of  a  sinter  body  at  80%  is 
A    (bulk  strength)  or  0.33  times  the  bulk  strength.   The  slope  of  the 
A   versus  V   line  is  therefore  3.35.   The  strength  at  any  density  in 
this  linear  region  can  then  be  expressed  as: 

T(A^)  =  [1  -  TT  A^   ]  T  (bulk) 
por 

where  T(A  )  is  the  strength  of  the  compact  in  the  density  range, 

.8  <  A  <  1.0,  and  T  (bulk)  is  the  strength  of  the  bulk  (100%  dense) 

material.   Thus  in  this  conraiercially  important  density  range,  one  needs 
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only  to  know  the  bulk  strength  of  a  material  and  the  relative  density 
to  know  the  strength  of  the  sinter  body. 

The  basic  elements  of  the  model  of  high  temperature  creep  of 
porous,  sintered  nickel  have  been  reviewed.  Creep  in  the  porous  nickel 
samples  by  this  research  is  seen  to  depend  upon  temperature  and  load 
in  a  fully  rational  manner.  The  intrinsic  properties  of  the  material 
used,  such  as  chemistry,  particle  size,  and  grain  size,  are  all  seen 
as  strong  factors  in  determining  creep  of  sintered  nickel  as  well  as 
the  internal  and  external  appearances  after  a  test. 

Hot  pressing  of  metal  powders  into  shapes  is  completely  similar 
to  high  temperature  compressive  creep  of  porous  metal  samples  and  the 
same  phenomena  would  be  found  in  hot  pressing  as  were  found  in  compres- 
sive creeTy. 


CHAPTER  5 


CONCLUSIONS 


The  creep  of  porous  sintered  nickel  and  the  structure  resulting 
from  a  compressive  creep  test  have  been  found  to  be  the  result  of  the 
interplay  of  short  and  long  range  stresses  and  the  movement  of  material 
as  a  result  of  these  stresses. 

The  long  range  stress,  which  is  the  applied  compressive  load, 
deforms  the  solid  network  en  both  a  short  range  and  a  long  range  basis. 
The  creep  load  induced  deformation  on  the  scale  of  the  sample  as  a 
whole,  is  simply  the  sum  of  the  local  deformations  on  the  scale  of  the 
particle  size,  less  the  densif ication.   That  is,  the  densif ication  of 
the  sample  reduces  the  barreling  from  what  would  be  required  if  their 
density  remained  the  same. 

The  short  range  stresses  are  those  produced  by  the  surface 
tension  forces  that  are  present  at  the  pore  solid  interface.   These 
forces  are  responsible  for  the  redistribution  of  the  pore  shape  in 
a  creep  test.   It  was  found  that  the  faster  the  material  could  respond 
to  these  forces  (increased  temperature)  or  the  larger  amount  of  these 
forces  available  (lower  density,  smaller  particle  size)  the  less 
anisotropy  would  be  found  in  a  sample  for  a  given  total  amount  of 
creep.   Tlie  distance  over  whicli  these  forces  must  act  to  move  laatcrial 
was  also  important  (particle  size)  with  the  smaller  the  distance 
involved,  the  faster  the  response  to  the  surface  tension. 
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The  particle  size  effect  on  creep  deformation  rate  has  been 
found  to  be  a  result  of  the  morphology  of  the  particles  rather  than 
size  alone,  i.e.,  grain  size  relative  to  particle  size.   The  ease  with 
which  a  dislocation  could  reach  a  free  surface  was  determined  by  the 

particle  size. 

The  loose  stack  sintering  rate  was  found  to  be  negligible  in 
all  creep  samples  except  those  of  the  finest  particle  size  (-20^,). 

m  general,  the  effects  of  surface  tension  and  sintering 
phenomena  were  restricted  to  short  range  effects  such  as  pore  shape 
and  load  bearing  area,  whereas  the  external  load  had  both  short  and 
long  range  effects  on  shape  of  the  porosity  as  well  as  the  sample  as 

a  whole. 

me   effective  load  bearing  area  was  found  to  be  represented 

by  the  area  fraction  of  fracture  surface,  A^^. 
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